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This thesis dissertation addresses the topic of galaxy formation and evolution with the
main purpose of shedding some light on the main mechanism(s) responsible for the self-
regulation of the star formation activity in the nearby Universe.
As a first step, we revisit the classic “nature or nurture” debate in this context by using
a sample of∼82000 objects extracted from the Sloan Digital Sky Survey. Our analysis cross-
correlates two proxies of the specific star formation rate, the equivalent width (EW) of the
Hα line and the (u-r) colour, with other physical properties (mass, metallicity, environment,
morphology, and the presence of close companions) leading to the discovery of a relatively
tight “ageing sequence” in the colour–EW plane. This trend favours a scenario where the
secular conversion of gas into stars (i.e. nature) is the main physical driver of star formation
and the gradual transition from a “chemically primitive” (metal-poor and intensely star-
forming) state to a “chemically evolved” (metal-rich and passively-evolving) system.
To address the dependence on local and global properties, we investigate in further
detail the resolved colour-EW diagram of ∼40 matching objects from the CALIFA survey.
The IFS data reveal that the smooth “ageing” process always takes place, inside-out (i.e. the
central parts are more evolved than the outskirts), across the entire extent of all galaxies.
The current state of the different regions seems to be mostly driven by local processes, albeit
global properties (in particular, galaxy morphology) may play an important role.
The analysis of low signal-to-noise (S/N) measurements was critical in order to reach
these conclusions. To make an optimal use of this valuable information, we developed the
Bayesian Technique for Multi-image Analysis (BaTMAn) algorithm for the segmentation of
multidimensional data, with emphasis on the statistically-meaningful binning of IFS obser-
vations. When applied to our dataset, the method significantly reduces the scatter in the
colour-EW diagram, convincingly demonstrating that there may be different ageing paths
depending on the details of the local star formation history.
In our view, the new generation of IFS surveys calls for new analysis tools and method-
ologies, and a rigorous assessment of their accuracy (and that of the associated errors!)
requires a battery of realistic test cases where the correct solution is known. The final part
of this thesis describes the production of synthetic IFS observations, with similar character-
istics to the CALIFA products, based on hydrodynamical simulations. This ongoing project
will allow us to explore the optimal strategy to study galaxy ageing from current and forth-
coming IFS data, and it will provide the scientific community with a powerful tool to test
their analysis pipelines.
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“I would rather have questions that can’t be answered than answers that can’t be ques-
tioned” - R. Feynman
Galaxies are the building blocks of the universe.
This sentence can be read in many books, in many more articles and, surely, in every
PhD thesis covering this topic. This one will be no exception to the rule.
What everyone of us interprets out of this sentence is, however (and fortunately), dif-
ferent. I like to think that the reason to phrase it this way is because our Universe obeys
rules we do not fully understand. Part of the Nature enclosed in this Universe, the part we
know a little of, behaves according to a set of physical laws we barely begin to understand
and whose extent we start to have a glimpse of. This striking puzzle we are left with covers
a wide range of spatial and temporal scales that are terribly intertwined1. When we think
about galaxies, about how they form and evolve, we must take into account the larger-scale
processes that make the Universe grow and expand and that are believed to set the condi-
tions prior to galaxy formation. Neither can we forget about the physics acting at nearly
atomic scales that are responsible for radiative cooling and star formation, without which
none of us would be wondering about all these questions.
It is beyond the scope of this thesis (and consequently its introduction) to cover or even
mention all processes involved in galaxy formation and evolution. However I will try to
briefly present the current paradigm as it is understood \today2 (October 21, 2016) with
the intention of providing context to the work I have carried out over the last three years.
This is what I think I know at the time of writing these lines, but please, ask me tomorrow,
in a few weeks, or in a few years time, and I hope I can tell you something different. It
would mean that I had a lot of fun in the meantime.
1.1 Galaxies
Astronomy is a very special branch of science, among other things because it is impossi-
ble to get our hands dirty by carrying out any experiment in a laboratory. Observational
astronomers squeeze all the information they can out of the only thing they have in hand:
the light from distant objects. In this Section, we review our current knowledge of how
galaxies form their stars, based on photometric and spectroscopic observations of the local
Universe. This is the kind of data that this thesis is based upon, and one important caveat is
that they represent “static” images of the objects we are interested in. Therefore, one must
be very careful when interpreting them in terms of causal and/or temporal relations.
On the other hand, observations of galaxies in our relatively close vicinity provide us
with an exquisite level of detail, which makes possible to peek into the processes that take
1The Universe is just like that... THANK YOU UNIVERSE, THE PICTURES ARE AWESOME!
2Date at which this manuscript was compiled for the last time.
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place at scales significantly smaller than the characteristic size of the galaxies. In particular,
the widespread use of integral-field spectroscopy (IFS) over the past decade has revolu-
tionised our understanding of these fascinating objects, and a large fraction of the present
work is devoted to improve our analysis and interpretation of such data.
1.1.1 From global...
Galaxies as a whole come in a large variety of sizes, shapes, colours, dynamical properties,
chemical composition, etc. In this thesis we will consider that the global properties of a
galaxy that are potentially most relevant for regulating star formation are its total mass, its
morphology, and the environment it inhabits. These properties are strongly correlated, and
it seems natural to think that there must exist a (set of) physical mechanism(s) responsible
for setting all of them. However, until the underlying causal relations are not properly
identified, it will not be possible to single out any of these quantities as more “fundamental”
than the others.
Morphology
The first thing astronomers realized when they were able to differentiate stars from some
blurred objects in photographic plates, later identified as external galaxies, was that they
featured very different shapes.
FIGURE 1.1: The Hubble sequence of galaxies as seen by Kormendy and Ben-
der (1996). Rounded, featureless elliptical galaxies (also known as early-type)
are displayed on the left of the diagram while a more complex classification
dependent on the presence of bars segregates spiral galaxies (also known
as late-type) into two different sequences on the right. Further subdivision
among the spiral subsamples is based on or the relative importance of the
bulge with respect to the disk. Beware the connecting lines!
Historically, galaxies were first classified by eye by Edwin Hubble in 1936 (Hubble,
1936). Such classification, known as the “Hubble sequence” or “Hubble tuning-fork” di-
agram, is shown in Figure 1.1 in the more recent version by Kormendy and Bender (1996).
Alternatively, a more quantitative approach to morphological classification is based on the











proposed by Sersic (1968) in terms of the half-light radius r50 and the Sérsic index n, charac-
terising the spatial extent of the object and the concentration of light in the central regions,
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respectively (see e.g. Graham et al., 2005). Galaxies that are visually classified as spirals tend
to show low Sérsic index, n ∼ 1, whereas ellipticals are usually best fit with n ∼ 4 (Shen
et al., 2003), consistent with the pioneering results obtained by de Vaucouleurs (1948).
Nevertheless, a single Sérsic index is not always sufficient to model the entire SB profile
of many galaxies. The central regions of ellipticals are often not well described by equa-
tion (1.1), and one gets a better fit for spirals and lenticulars with a model that combines a
declining exponential disk and a Sérsic profile that describes the central bulge. In general
terms, spiral galaxies essentially consist of:
• a flat, rotationally-supported disk that features more or less prominent spiral arms.
• a central stellar bulge component, typically supported by velocity dispersion (resem-
bling the structure of elliptical galaxies). It can be a massive classical bulge or a much
lighter, rotationally-supported pseudo-bulge. It can also include a bar-like structure
which shows up in 50-70 % of the luminous spiral objects (see e.g. Marinova et al.,
2008, and references therein).
• a large spherical stellar halo that includes many globular clusters.
• a nearly spherical dark matter halo. Although it is not directly observable, its presence
is necessary in order to explain the observed rotation curves (Freeman, 1970; Rubin,
Ford, and . Thonnard, 1980).
The relative importance of the bulge light with respect to the disk component in spirals
has lead astronomers to historically sub-classify these galaxies from bulge-dominated (Sa)
to disk-dominated (Sc) systems. More recently, bulge-disk decomposition of late-type ob-
jects (Koopmann and Kenney, 1998; Hameed and Devereux, 2005) has led to several quan-
titative criteria to classify spirals in terms of the bulge-to-total (B/T) or bulge-to-disk (B/D)
ratio. The inclusion of bars (indicated with a middle B in the name) in such classification
gives rise to a secondary sequence in the “fork” diagram of Figure 1.1, although there is
no clear reason to consider that these two branches are associated to different evolutionary
tracks. Ellipticals, on the other hand, display a smoother and more symmetric appear-
ance. Their light is much more concentrated, and they certainly do not show spiral arms
or bars (although they are not completely featureless objects). Finally, S0 galaxies (histor-
ically called “lenticulars” because of their lens appearance) have intermediate properties
between ellipticals and spirals. They are concentrated, rotationally-supported systems, and
they have a disk component without spiral arms.
An important difference between morphological types is their gas content. The disks of
spiral galaxies contain a significant fraction of cold gas, where hydrogen is mostly in atomic
(HI) or molecular (H2) form, as well as a sizeable amount of dust. S0s typically contain very
little cold gas (particularly in the molecular phase), and most of the gas in elliptical galaxies
forms a diffuse, ionized, spherical halo, at very high temperature. Nevertheless, ellipticals
are not completely devoid of cold gas (see e.g. Gomes et al., 2016a; Gomes et al., 2016b),
and many of them (of the order of ∼75%) show evidence for dust extinction in the optical
(Colbert, Mulchaey, and Zabludoff, 2001).
Since cold (molecular) gas is the fuel for star formation, it is not surprising that galaxies
of different morphology are forming stars at very different rates: in general terms, ellipti-
cals, lenticulars, and spirals tend to display increasingly lower specific star formation rate
(SSFR). There are plenty techniques to infer, directly or indirectly, the star formation rate
(see e.g. Kennicutt, 1998; Moustakas, Kennicutt, and Tremonti, 2006; Calzetti, 2008; Gallazzi
et al., 2006; Cid Fernandes et al., 2007; Panter, 2009), usually relying on the measurement of
spectral features such as the intensity of the Hα emission line or Dn(4000Å) break, and/or
the estimation of optical or UV colors. Most of these proxies trace the ratio of young stars
4 Chapter 1. Introduction
with respect to the total stellar population (i.e. the SSFR) on different timescales. Usu-
ally, spectral features are more sensitive to very young stars, able to ionize the surrounding
medium (with lifetimes of the order of 10 Myr), whereas colours, specially in the optical
range, trace star formation on scales of several hundred Myr.
FIGURE 1.2: Composite g-r-i SDSS images of galaxies classified by morphol-
ogy and colour, Figure taken from Schawinski et al. (2014). Morphologi-
cal classification corresponds to the Galaxy Zoo project (Lintott et al., 2008).
From top to bottom, galaxies are labelled as early-types, intermediate and
late-types. From left to right the systems are sorted according to their colour
following the classical blue-cloud, green valley, and red-sequence glassifica-
tion.
Although one may find every possible combination of galaxy morphology and colour in
the nearby universe (see Figure 1.2), it is long known that both properties are strongly cor-
related. In general, spiral galaxies typically display ongoing star formation in their disks,
albeit one can also find a wide population of redder objects, preferentially among those
displaying larger bulge-to-disk ratios (i.e. Sa). As shown in Figure 1.3, the stellar popula-
tions of classical bulges tend to be older, and hence redder. Correcting for dust content and
projection effects would only reinforce this result.
On the contrary, the vast majority of Es are consistent with being passively evolving
systems (see e.g. Bregman, Temi, and Bregman, 2006; Bressan et al., 2006). Some elliptical
galaxies show recent star formation, predominantly among low-mass systems (Trager et al.,
2000; Thomas et al., 2005), at the level of ∼ 1 − 3% of their stellar mass, and recent results
from GALEX (Yi et al., 2005; Kaviraj et al., 2007; Schawinski et al., 2007) reveal that between
15% and 30% of early types host stellar populations younger than 1 Gyr. Nevertheless, their
spectra are still dominated by the light of old K giants, which imprints the population of
elliptical galaxies with nearly the same (red) optical broad-band colour.
If we pay attention to their loci in Figure 1.4, where S0 are coloured in light green, and
compare it with Figure 1.3, we will see that lenticulars are almost indistinguishable from
the population of Es (red dots in Figure 1.4) and also overlap with the population of Sa
galaxies (green points in Figure 1.3). Then, it is not only that S0’s may show ‘intermedi-
ate’ morphologies, but also their structural parameters, Sérsic index (n) and half-light ra-
dius (r50), their colours ((g − r)) and luminosities (Mr) are consistent with those of a tran-
sient/intermediate population. All these evidences, supplemented by measurements of
their rotation velocity, have led many astronomers (e.g. Bedregal, Aragón-Salamanca, and
Merrifield, 2006) to interpret S0 galaxies as a population of spirals that ran out of gas and
ended their star formation, but the issue is far from settled (cf. Burstein et al., 2005; Sandage,
2005).
As can be seen in Figure 1.5 (from Schawinski et al., 2014, using stellar mass instead of
magnitude), galaxy morphology is closely related to the segregation between the so-called
1.1. Galaxies 5
FIGURE 1.3: Distribution of spiral galaxies in the space of absolute magnitude
(Mr), color (g−r), half-ligh radius (r50), and Sérsic index (n). Objects are color-
coded as Sa (green), Sb (cyan), Sc or Sd(blue) in terms of their morphological
type as stored in the NED catalogue. Barred objects are included here too.
Figure taken from Blanton and Moustakas (2009).
‘red sequence’ and the ‘blue cloud’ identified in the colour-colour or colour-magnitude dia-
grams (Strateva et al., 2001; Baldry et al., 2004; Baldry et al., 2006). Although we will argue
in the present thesis that the distinction between “blue-cloud”, “star-forming” galaxies and
the “red-sequence”, “passive” population is rather artificial, our results will provide addi-
tional support to the connection between morphology and SSFR, suggesting that this global
property of the galaxies may indeed be one of the key aspects of the problem.
Mass
In principle, one could have two galaxies with different masses and identical intensive
properties (morphology, stellar-to-gas fraction, SSFR, colours, metallicity, etc.). One would
simply be a scaled version of the other. However, most of these properties have been ob-
served to correlate strongly with stellar mass. Since the mass of a galaxy traces the depth of
its gravitational potential, it would not be surprising that it played a role on the processes
of gas accretion, cooling, star formation, and feedback, but the physical details are far from
being well understood.
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FIGURE 1.4: Distribution of elliptical galaxies, S0 in the space of absolute
magnitude (Mr), color (g − r), half-ligh radius (r50), and Sérsic index (n). Ob-
jects are color-coded as S0 (light green), Es (red), dE(black), and cD(purple).
Figure taken from Blanton and Moustakas (2009). Equivalent to Figure 1.3.
As shown in Figures 1.3, 1.4, and 1.5, less massive (or fainter) galaxies tend to display
lower bulge-to-disk ratios (late-type morphologies) and bluer colours (even at fixed mor-
phology). The vast majority of low-mass objects are blue, star-forming spirals, whereas the
most massive ones tend to be red, passive, and concentrated ellipticals. In addition, re-
cent surveys of the 21-cm hyperfine transition of the hydrogen atom and several transitions
of the CO molecule (see e.g. the review by Blanton and Moustakas, 2009, and references
therein) have been able to create a census of the HI and H2 content in nearby galaxies,
showing that, on average, low-mass systems are much more gas-rich (higher gas fraction)
than their massive counterparts. Nevertheless, the relation is not entirely one-to-one. Most
blue galaxies are in general low-mass systems featuring star-forming disks, but red galax-
ies include a significant fraction of dust-reddened spirals and S0 galaxies. At Mr ∼ −20, at
least one third of the red sequence display Sa or even later morphologies.
Observationally, much of our knowledge is biased towards such “intermediate”-mass
systems, and a large fraction of the discussion above about the properties of spiral, elliptical,
and lenticular galaxies implicitly refers to objects that are roughly as massive as our very
own Milk Way. On the one hand, every instrument has a finite sensitivity, and all objects
fainter than a certain flux limit will remain utterly invisible. On the other hand, the most
massive objects are so rare that a vast extension of the Universe has to be probed in order
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FIGURE 1.5: Colour-mass (equivalent to the colour-magnitude) diagram
taken from Schawinski et al. (2014). The figure illustrates (top left panel) the
so called bimodality of the galaxy population, with galaxies either populat-
ing the red-sequence or blue-cloud. Green lines illustrate the less densely
populated area, commonly referred to as the ‘green valley’, that accounts for
intermediate colours. Right panels show that the colour separation correlates
with morphology.
to have a minimal chance to detect one of them.
Due to historical reasons, objects with absolute magnitude in the B band MB & −18 are
commonly referred to as dwarf galaxies. Although they contain a relatively small fraction
of the total number of stars, these objects are believed to be the most abundant galaxies
in the Universe. They cover a broad luminosity range (up to 6 orders of magnitude) with
very faint objects being detected down to MV ' −2.6 (Martin et al., 2007). Such low fluxes
are only reachable in our immediate vicinity, and therefore studies of dwarf galaxies are re-
stricted to the local volume. Given their low gravitational potential, these systems are very
interesting objects to study galaxy evolution, as they are expected to be strongly affected
by stellar feedback, environmental changes, or interactions. According to their gas content
and star formation properties, dwarf galaxies can be divided into two main groups:
• gas-rich systems with ongoing star formation
Roughly as a continuation of the population of spiral galaxies, dwarf irregulars (dIrr)
with sizes < 5 kpc, containing one or a few HII regions, display a higher gas fraction
as their stellar mass decreases, and they seem to be randomly distributed in the uni-
verse. While the kinematics of the smaller systems depict chaotic patterns, the larger
dIrr show evidence for rotational support. The most extreme objects among dIrr are
blue compact dwarfs (BCD) and HII galaxies, typically showing sizes of the order
of ∼ 2 kpc. Their gas content is even higher than that of dIrr, and the estimates of
their dark matter content are higher than that of typical galaxies. BCD’s show stellar
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masses of the order of M∗ ∼ 109, while their dark matter component is of the order of
MDM ∼1011 (Skillman, 1996; Tajiri and Kamaya, 2002; van Zee, 2001).
• gas-poor systems dominated by an old population
On the other hand, dwarf ellipticals (dE) and dwarf spheroidals (dSph) are fainter
extensions of the early-type systems. Contrary to dIrr, these objects are relatively
regular, and they are found primarily within groups and clusters of galaxies. They
show very little (if any) gas content, and they are dominated by a very old population
with maybe a few young stars. They also span a broad range in luminosity and have
a large dark matter content (Gilmore et al., 2007).
On the other extreme, brightest cluster galaxies (BCG) are defined as the most optically
luminous object in massive (& 1014 M) clusters. There is, of course, only one BCG per
cluster, and there is often a large gap with respect to the size and magnitude of the next
most luminous object in the system. They deviate from the scaling relations of less massive
galaxies, and they typically show signatures of a complex kinematic structure. All these
facts hint that BCGs are probably the most extreme example of dry mergers as the origin of
elliptical galaxies, albeit the wide variety among Es casts doubts about its generalisation to
all such systems.
Environment and interactions
The dichotomy between gas-rich and gas-poor dwarf galaxies and the systematic differ-
ences between BCGs and field ellipticals evidence that the influence of the environment on
the evolution of any given galaxy cannot be neglected. Although different methods exist
in the literature (see e.g. Kaiser, 1987; Balogh et al., 2004b; Kauffmann et al., 2004; Cooper
et al., 2005; Yang et al., 2007; Muldrew et al., 2012), galactic environment is often character-
ized by the local (over)density defined on a certain scale, which is know to correlate with
the mass of the dark matter halo that hosts the system. This density is usually estimated
from the projected distance to neighbouring galaxies, imposing an appropriate magnitude
threshold to avoid Malmquist bias and a maximum relative velocity to minimize projection
effects.
In principle, galaxies living in a denser environment are subject to more interactions,
both with other galaxies as well as with the hot gas of the intracluster medium (ICM) in
galaxy groups and clusters:
• Galaxy harassment (Moore, Katz, and Lake, 1996), specially frequent in the densest
environments, encompasses all tidal interactions between a satellite galaxy with the
host halo as well as with the other satellite galaxies (via high-speed encounters). This
process would be able to disrupt and even radically change the morphology of the
systems involved, and it is believed to play an important role in galaxy clusters.
• Galaxy mergers are are easily visible in 1-2% of all luminous galaxies, including both
systems in ‘clear interaction’ (i.e. two objects in a single image tearing each other
apart) as well as disrupted objects (displaying tidal tails, putatively as a result of a re-
cent merger/interaction) and ‘close pairs’ (typically < 50 kpc projected separation on
the sky). Unfortunately, morphological disruptions are a dubious merger indicator,
as galaxies may undergo a variety of internal processes (e.g. supernova explosions,
AGN feedback) that could disrupt their morphology. On the other hand, counting
galaxy pairs is a process that can suffer from severe contamination and selection bi-
ases, even in the case of redshift-selected samples. Besides, there are many types of
galaxy mergers (depending on the galaxy masses, morphologies, relative speed, and
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orientation), and each of the three ‘indicators’ mentioned above trace different stages
whose time scale is still unclear. Mergers come in a wide variety of forms (minor
versus major, dry versus wet, etc.) and do take place in all kind of environments.
They are frequently pointed out as the main culprit of driving morphological changes
(Kormendy and Kennicutt, 2004), triggering star formation bursts and AGN activity,
dynamically heating stellar disks (Tapia, Balcells, and Eliche-Moral, 2010), or gener-
ating counter-rotating cores in ellipticals (Balcells and Quinn, 1990).
• Ram-pressure stripping is a process, first proposed by Gunn and Gott (1972), by which
a galaxy entering a dense environment (namely, a cluster) will experience a strong
pressure from the hot ICM, opposite to its motion and capable of sweeping out its gas
reservoir. Observations (see e.g. Ebeling, Stephenson, and Edge, 2014) show that this
process has the power to truncate star formation in relatively short time scales, of the
order of ∼ 107 yr.
• Strangulation is a slightly different mechanism by which the gas reservoir of a galaxy
would be exhausted. As the system enters a denser environment, the temperature
of the surrounding gas increases and the accretion of cold gas decreases to negligible
levels. As a consequence, the galaxy will starve, and star formation will eventually
cease, albeit on a longer time scale as there is no gas removal.
Observations show that, although some galaxies live in isolation, most of them have
companions or reside in dense groups or clusters. According to Tully (1987), over 70% of
the galaxies in the local Universe are located in galaxy groups with typical sizes of ∼ 1
Mpc3, and it is well known that galaxy morphology (Dressler, 1980), broad-band color and
Sérsic index (e.g. Hashimoto and Oemler, 1999; Blanton et al., 2005; Yang et al., 2007), and
luminosity (e.g. Hoyle et al., 2005) do depend on environment. In low-density environ-
ments, blue disk galaxies completely dominate the low-mass population, whereas early-
type galaxies are common at the high-mass end of the distribution. Only in the field do
ellipticals show evidence for the presence of a small amount (less than 1%) of cold atomic
and molecular gas (Morganti et al., 2006). As we move to denser environments, the frac-
tion of objects displaying red colour and early-type morphology increases, with lenticular
galaxies replacing spirals near the centre of massive clusters (Dressler et al., 1997), while the
population of star-forming galaxies decreases, becoming almost negligible even among the
faintest objects. Interestingly, the environmental dependence of the structural parameters
(morphology or Sérsic index) is considerably reduced if galaxies are selected in terms of any
property (e.g. a fixed value of colour, Dn4000, etc.) that traces their star-formation history
(Park et al., 2007; Ball, Loveday, and Brunner, 2008; Bamford et al., 2009).
1.1.2 ... to local scales
At the present day, it is clear that galactic evolution is deeply intertwined with global prop-
erties such as morphology, mass, and environment. However, the detailed physical pro-
cesses that are responsible for the observed correlations and their relative importance are
far from being completely understood. Moreover, if we consider the mechanisms responsi-
ble for driving star formation in galaxies we cannot ignore that star formation itself is a very
local process (mainly restricted to HII regions located in the arms of spiral galaxies). Hence,
it is reasonable to assume that local properties may play an important role in regulating the
formation of new stars (and, why not, dominate and/or drive global ones).
10 Chapter 1. Introduction
FIGURE 1.6: Explanatory scheme of the essential aspects of 3D spectroscopy.
IFS datacubes (central image) can be interpreted as a set of monochromatic
images (layers) stacked in a 3-dimensional matrix. The two “spatial dimen-
sions” locate the position of every spaxel, which contains a full spectrum cor-
responding allocated along the third “spectral” dimension. This figure has
been taken from Rosales-Ortega (2009)
The advent of Integral-Field Spectroscopy
Over the last years, a much deeper insight on the mechanisms that regulate star formation
in galaxies has been provided by the advent of systematic integral-field spectroscopic sur-
veys (IFS, see the book by Allington-Smith, 2007). Figure 1.6 (taken from Rosales-Ortega,
2009, ,who adapted it from that of M. Roth, http://tinyurl.com/IFS-principle)
illustrates the basic idea behind IFS observations: the field-of-view (FoV) covered by the
instrument is sampled into discrete regions (called spaxels), every one of which contains
a spectrum. The advantages of this observational technique are obvious. In the particular
case of galaxy observations, IFS provides spatially-resolved spectra over a significant ex-
tent of the system. With this kind of data one can study the local physical properties of the
gas, dust, and stars with an unprecedented level of detail and simultaneously reduce (and
understand) the aperture effects common in broadly used spectroscopic sky surveys (such
as SDSS, Abazajian et al., 2009, , this thesis work is a good example of it). To put some
numbers, the Calar Alto Legacy Integral Field Area (CALIFA, Sánchez et al., 2012a), IFS
survey that will be used in this work, offers a wide spatial coverage, up to 2.5 Re, in com-
bination with a good spatial resolution (∼1kpc). This kind of data has enabled to recover
and study in detail some of the important structures in galaxies, such as spiral arms, bars,
bulges, giant HII regions, etc.
Despite its short history, IFS has achieved a notable success bringing extremely rele-
vant changes to the established paradigm. Among the most striking results obtained us-
ing Integral-Field Spectroscopy we must highligh the work conducted by Emsellem et al.
(2007) and Cappellari et al. (2007), which clearly illustrates the power of this observational
technique. The work of these authors studied the kinematics of elliptical galaxies and re-
vealed that Es (believed for a long time to be “simple” systems) depict a variety of velocity
patterns. IFS analysis was then responsible of changing the classical picture of galaxy mor-
phology by separating elliptical galaxies into two different families, slow and fast rotators
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(seggregation based on their stellar kinematics).
• Slow rotators are weakly triaxial and more massive (they dominate the Es population
above M ≈ 1011M). Their isophotes have elliptical shapes from any observed direc-
tion, present “cores” in their central part (i.e. their SB profiles flatten in the center),
and have no disk features. These objects are generally found near the halo centre of
groups and clusters which has been linked to a plausible dry merger origin. Sup-
porting this theory, slow rotators show peculiar kinematic features such as twists or
kinematic decoupled cores (Krajnovic´ et al., 2011). Their stellar populations tend to be
older and show enhancement of α-elements. They also contain strong radio sources
and Xray emitting gas.
• Fast rotators are axisymmetric and dominate the low- and intermediate-mass popula-
tion (Cappellari et al., 2011). These oblate systems show clear disky isophotes which
has been the origin of their missclassifications as disky-E or S0 when seen edge-on.
They are generally satellite galaxies showing younger (younger than slow rotators,
still older than spirals) populations which convert them in clear candidates for en-
vironmental quenching. Speculated to be the evolution of spirals entering higher
density environments (Cappellari et al., 2013) they are less concentrated than slow
rotators and they lack both radio and X-ray emission.
A consequence of all these findings is a new morphological classification scheme and a
new scenario of galaxy evolution, as illustrated in Figure 1.7.
FIGURE 1.7: The “comb” morphology diagram, adapted from Cappellari et
al. (2011) and Kormendy and Bender (2012). In this version of the “morpholo-
gycal” diagram of galaxies the fast rotators, flat early-type galaxies with disky
isophotes and high values of rotational velocity would be direct evolutionary
states of the spiral galaxies with similar bulge-to-disk/total ratios. Again,
very much is hidden in the morphology of galaxies and one must be very
careful with “connecting lines”!
Another important result of several IFS studies is that some of the global scaling rela-
tions, such as the mass-metallicity relation (Sánchez et al., 2013), the metallicity-gas fraction
relation (Ascasibar et al., 2015), or the star formation main sequence (Cano-Díaz et al., 2016),
hold on local scales. This findings not only emphasize the fundamental nature of these scal-
ing relations but support the hypothesis of local processes playing a major role in driving
galaxy evolution. The number of science cases studied so far with IFS data is large and
diverse, and it will continue growing in the advent of the new data to come (see Sánchez
et al., 2016a, for a complete list of scientific results of the CALIFA collaboration).
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Notwithstanding the above mentioned success, IFS has several major difficulties to
overcome.
On the one hand, the scientific community still lacks from statistically robust samples of
galaxies observed with this technique (these observations are much more time consuming
and require a longer and more complex analysis time). This situation is going to change in
the coming years, as there are many observational programmes that are producing (or will
produce) systematic IFS surveys targeted at different galaxy populations, e.g. SAMI (Croom
et al., 2012), MaNGA (Bundy et al., 2015), MUSE (Bacon et al., 2004), WEAVE (Dalton et al.,
2014) and HARMONI (Thatte et al., 2014).
On the other hand, IFS obtains multiple spectra in a single observation. To provide
some examples, CALIFA observations use ∼ 300 spectroscopic fibres per pointing (∼900
per object) to obtain of the order of ∼3000 spectra, while the MUSE instrument provides
90.000 spectra per pointing3, using 24 spectrograph units simultaneously. This necessarily
implies that the amount of light per element of spatial and spectral resolution is typically
lower than in traditional observations, which, in turn, leads to a lower signal-to-noise (even
more so considering the fact that the large fields of view of these instruments often target
the fainter outer regions of the galaxies in addition to the bright central part).
In conclusion, Integral-Field Spectroscopy comes at the price of a higher level of com-
plexity in the analysis of the data. Many studies carried out in the recent years present
algorithms that have been specifically designed to handle the low S/N problem. Some ex-
amples relevant for the present thesis project are the work conducted by Cappellari and
Copin (2003) that investigates the properties of the stellar population in early-type galaxies
or the study of HII regions in galaxies described in (Sánchez et al., 2012c). What these two
cases (and many other IFS tools) have in common is that they perform a spatial binning of
the data as first step of their analysis in order to increase the signal-to-noise (S/N) to carry
out meaningful measurements. However, IFS observations show that galaxies have plenty
substructure and these binning techniques, if used naively, can lead to a loss of information
(in addition to the obvious loss in spatial resolution). Present (and future) IFS instruments,
such as MUSE, (will) provide observations with an exquisite spatial resolution, which em-
phasizes the need for dedicated analysis tools. Besides, the design of these algorithms re-
quires a thorough calibration, which is particularly true in the case of IFS observations. We
devote part of the work presented here to address these technical issues.
1.2 This thesis
This thesis approaches the topic of galaxy evolution from an observational point of view,
with the main purpose of deciphering which is (are) the main mechanism(s) responsible for
the evolution of galaxies. We aim to disentangle the relative importance of “nature” and
“nurture” processes, as well as “local” and “global” ones, from two complementary strands
of work:
On one hand, we consider photometric and spectroscopic (single-fibre) data from the
Sloan Digital Sky Survey (SDSS) as well as IFS data from the Calar Alto Legacy Integral
Field Area (CALIFA) survey. With the former we conduct a statistically-robust study of
some of the properties of galaxies that we expect have a major role in driving their evolu-
tion. We use the second dataset (CALIFA), much smaller in number, to extend our study
across the galaxy, avoiding aperture effects and focusing on the systematics of comparing
the two datasets.
On the other hand, the inclusion of IFS observations and the importance of low signal-
to-noise regions compels us to devote a substantial part of the work in this thesis to the
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design of dedicated analysis tools. The need for coherent calibration of the these (and other)
analysis pipelines motivates the final part of this dissertation, which covers the generation
of reliable synthetic IFS datacubes from hydrodynamical simulations of galaxy formation
and evolution in a cosmological context.
1.2.1 Structure
This manuscript is structured as follows:
Chapter 2 depicts the exhaustive analysis of ∼82500 galaxies extracted from the Sloan
Digital Sky Survey. We present a cross-correlation of two proxies of the SSFR, the equiva-
lent width of the Hα line and the (u-r) colour, with other physical properties (mass, metal-
licity, environment, morphology, and the presence of close companions) in order to investi-
gate their relative importance in driving galaxy evolution, distinguishing between “ageing”
(gradual conversion of gas into stars, with only moderate fluctuations in the star formation
rate), “quenching” (a sudden interruption of the star formation activity) and “rejuvenation” (a
starburst episode that actually decreases the mass-weighted age of the stellar population).
In Chapter 3, we extend the analysis to consider those objects that have been observed
within the CALIFA collaboration. In this part of the dissertation we present a careful char-
acterization of the considered sample and a comparative analysis. The goal is to verify the
results of Chapter 2 and explore the role of local and global properties of galaxies in driving
the ageing process.
Chapter 4 introduces BaTMAn (Bayesian Technique for Multi-image Analysis), a novel
image segmentation technique based on Bayesian statistics. This part of the dissertation is
then devoted to the description and testing of the binning algorithm, and emphasizes the
need for carefully characterizing IFS data prior to their analysis.
Chapter 5 describes the “SELGIFS data challenge” project in which we introduce a ro-
bust method to convert hydrodynamical simulations of realistic galaxies into synthetic IFS
observations using radiative transfer tools. We cover in this work the formatting of the sim-
ulated data into CALIFA observations and the production of maps of the resolved proper-
ties (as measured prior to “virtually observing” them) in order to test observational analysis
tools (such as the one presented in Chapter 4).
Chapter 6 summarizes our results and describes future projects derived from this thesis
work. Brief closing remarks are presented in Chapter 7.
1.2.2 Scientific Acknowledgements
All the work that will be presented in this dissertation is part of collaborative projects that
are already published, in the process of publication of in draft version. A brief introductory
note at the beginning of every chapter contains information about the authorship and publi-
cation status. Nonetheless, we would like to explicitly acknowledge here some individuals
and collaborations without which these lines would not have been possible.
Chapter 2 makes use of the freely available data of the Sloan Digital Sky Survey (SDSS),
a major multi-filter imaging and spectroscopic redshift survey using a dedicated 2.5m wide-
angle optical telescope at Apache Point Observatory. Without such an enormous and fruit-
ful observational project, not only this thesis but much of the amazing science conducted in
the past 15 years would not have been possible.
Chapter 3 could not have been accomplished without the exhaustive work of the Calar
Alto Legacy Integral Field Area (CALIFA) collaboration, which has provided the scientific
community with a complete and fully characterized sample of IFS observations of nearby
galaxies. Neither should we forget the essential work of Dr. Rubén García Benito, who
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performed the direct analysis of the datacubes with his SHIFU pipeline to obtain some of
the observables needed for this work.
The work presented in Chapter 4 also counted with the collaboration of Dr. Rubén
García Benito, who performed a similar analysis to the one presented in Chapter 3. This
part of the thesis presents a new analysis tool that has required an exhaustive testing, and
many volunteers provided their time, ideas, and data. Here we would like to thank Dr. E.
Bellocchi, Dr. L. Galbany, Dr. P. Weilbacher, and MsC. O. S. Choudhury for their particularly
useful feedback.
Finally, Chapter 5 is part of a collaboration project led by MsC. G. Guidi, who was
responsible for running the radiative transfer code SUNRISE and computing the physical
properties of the simulated dataset. The simulations used in this work have been run by
Dr. C. Scannapieco and Dr. M. Aumer, making use of the dark matter-only simulation
of the Aquarius project. The author of this thesis is responsible for the characterization
(field of view, spatial and spectral resolution, noise, format) of the CALIFA data and its
implementation in the synthetic datacubes, as well as the measurement of observational
properties and the testing of observational analysis pipelines (work in progress).
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Chapter 2
SSFR in SDSS galaxies: nature or
nurture?
This chapter is based on the article:
“Nature or nurture? Clues from the distribution of specific star formation rates in SDSS galaxies”
by J. Casado, Y. Ascasibar, M. Gavilán, R. Terlevich, E. Terlevich, C. Hoyos, & A. I. Díaz
published in MNRAS 451, 888, 2015
2.1 Introduction
Galaxies are known to evolve through a mixture of intrinsic (‘nature’) processes, such as gas
accretion, conversion into stars, and chemical enrichment, as well as through interactions
(‘nurture’) with other galaxies. The observed distribution of their physical properties (e.g.
stellar and gas mass, metallicity, SSFR, luminosities and colours) is set by a more or less
complex combination of internal and external processes, but their relative importance is
still a matter of debate. This first chapter of the thesis presents a complete study of the
mechanisms that regulate the (specific) star formation rate in nearby galaxies based on the
study of a spectroscopic sample of galaxies extracted from the Sloan Digital Sky Survey
(hereafter SDSS). More specifically, this work focuses on the role of dense environments
and close interactions on quenching and/or triggering star formation.
Over the last decades, many studies have found that star-forming galaxies (the so-called
‘blue cloud’) are neatly segregated from passively-evolving systems (the ‘red sequence’) in
a colour-magnitude diagram (e.g. Tully, Mould, and Aaronson, 1982; Strateva et al., 2001;
Baldry et al., 2004; Baldry et al., 2006). Objects in the intermediate region, known as the
‘green valley’, are typically considered a transition population (e.g. Bell et al., 2004; Faber
et al., 2007; Martin et al., 2007; Schiminovich et al., 2007; Wyder et al., 2007; Mendez et
al., 2011; Gonçalves et al., 2012). Many of them display signatures of active galactic nuclei
(AGN) in the optical spectrum (e.g. Salim et al., 2007; Schawinski et al., 2007; Schawinski
et al., 2010), and their colours are often interpreted as evidence for a putative ‘quenching’
process that would quickly interrupt any star formation activity.
A mandatory early step considered in this thesis work was to define, and in some cases
revisit/clarify, certain evolutionary concepts. Along this chapter (an the entire manuscript),
we will use the word ‘quenching’ in the sense of a discrete event that instantaneously (or in
a very short time scale) truncates the star formation activity in a given galaxy. In contrast,
we will use the term ‘ageing’ to denote a gradual increase in the mass-weighted average








without any sudden change in its star formation rate (SFR) ψ(t). With this definition, it
can be easily shown that galaxies become ‘older’ as they evolve unless their stellar mass
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increases faster than exponentially (e.g. during a strong starburst). Therefore, all galaxies
are subject to ‘ageing’, whereas they may or may not undergo ‘quenching’ or ‘rejuvenation
burst’ episodes.
It has long been known that galaxy colours are strongly correlated with environment,
suggesting that ‘quenching’ might be a ‘nurture’ process. The location of the red sequence
is fairly independent on galaxy density (Sandage and Visvanathan, 1978), and the position
of the blue cloud in the colour-magnitude diagram varies only weakly (e.g. Balogh et al.,
2004b). Most galaxies in the blue cloud display similar SSFRs, varying relatively slowly
with mass (Noeske et al., 2007; Speagle et al., 2014), and it has been shown (e.g. Balogh et
al., 2004a; Tanaka et al., 2004; Park et al., 2007; Wijesinghe et al., 2012) that the distribution
of Hα equivalent widths for the star-forming population, selected on line intensity and/or
colour, is not a strong function of local density. However, the fraction of red and blue
galaxies is a strong function of the environment.
One possible interpretation would be that all galaxies evolve along a ‘star-forming se-
quence’ until a quenching event would rapidly drive them through the green valley to-
wards the red sequence (see e.g. Peng et al., 2010). According to these authors, there are
two different quenching mechanisms, one related to mass (i.e. ‘nature’) and one related to
environment (‘nurture’). As galaxies grow in mass, some unidentified process would shut
down star formation with a probability that scales linearly with the instantaneous star for-
mation rate (as opposed to e.g. a fixed mass threshold). ‘Environment quenching’ would be
driven by galactic overdensity, and it is found to be roughly independent of stellar mass or
cosmic epoch up to z ∼ 1, consistent with the infall of the galaxy into a larger dark matter
halo. Both mechanisms are independent, and their total effect on the fraction of red galaxies
is fully separable.
This kind of scenarios implicitly assume that star-forming and passive galaxies form two
distinct groups. However, some studies question the very existence of such a bimodality in
the galaxy population. Applying data mining techniques, Ascasibar and Sánchez Almeida
(2011) found that almost all SDSS galaxies are distributed along a well-defined curve in
the multidimensional space defined by their spectra. Only optically-bright active galaxies
appear as an independent, roughly orthogonal branch that intersects the ‘main sequence’
exactly at the point of the transition between star-forming and passive systems. The location
of such transition is thus well defined, but there is no apparent gap, as far as the optical
spectra are concerned.
As recently pointed out by Schawinski et al. (2014), galaxy morphology may be an im-
portant piece of the puzzle. While early-type galaxies display signatures of rapid quench-
ing, leading to a fast transition through the green valley, late-type galaxies are consistent
with slowly-declining star formation rates, with typical time scales of the order of several
Gyr. They do not separate into a blue cloud and a red sequence, but rather span almost the
entire (u − r) colour range without any gap or valley in between. The apparent bimodal-
ity in the colour-magnitude diagram arises from the superposition of both morphological
populations.
Schawinski et al. (2014) identify early-type galaxies with merger-induced (i.e. nurture)
quenching, whereas they advocate for a discrete quenching event in the distant past of late-
type galaxies, perhaps associated with reaching a certain halo mass (i.e. nature), that would
have shut off the infall of new cold gas. However, the instantaneous SFR would not drop
immediately, but gradually decrease until the cold gas reservoir is exhausted. Therefore,
this process would qualify as ‘ageing’ rather than ‘quenching’ according to our terminology.
Here we would like to statistically quantify the secular evolution of the SSFR as well as
the relevance of environment and interactions. Galaxies in dense environments are subject
to a plethora of processes, such as tidal forces, strangulation of the gas supply, ram-pressure
stripping, or galaxy harassment (see e.g. Boselli and Gavazzi, 2006) that would suppress the
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star formation rate, although the exact time scale is still debated (see e.g. Wijesinghe et al.,
2012, and references therein).
On the other hand, close interactions with neighbouring galaxies can lead to gas com-
pression and trigger star formation (see e.g. Li et al., 2008; Ellison et al., 2008; Ideue et
al., 2012). Extreme objects such as ultraluminous infrared galaxies are always found to be
strongly interacting systems (Sanders and Mirabel, 1996; Surace et al., 1998). However, the
mechanisms that set the star formation rate at the low-mass end are yet unclear. Some of
these systems show very high SSFRs, often interpreted as massive ‘rejuvenation’ bursts of
star formation (e.g. Heckman et al., 1998), but there is little evidence that these episodes are
triggered by interactions with nearby neighbours (see e.g. Fujita, 1998; Martig and Bour-
naud, 2008; Lamastra et al., 2013; Lanz et al., 2013, and references therein). HII galaxies
represent the most extreme objects in this mass range. They are, in general, blue compact
dwarf (BCD) galaxies showing very strong and narrow Balmer emission lines with large
equivalent widths (Sargent and Searle, 1970), and they have the lowest metal content of
any star-forming galaxy (Searle and Sargent, 1972; Rosa-González et al., 2007). Observa-
tions show that the most luminous HII galaxies tend to live in very low density environ-
ments without obvious companions (see e.g. Telles and Terlevich, 1995; Vilchez, 1995), al-
though they show irregular morphologies and large velocity dispersions, consistent with a
‘nurture’ origin (Telles, Melnick, and Terlevich, 1997).
In this chapter we will present the results of a statistically robust study of the physical
properties of star-forming galaxies in the local universe. We aimed to disentangle the con-
tribution of nature and nurture to galaxy ageing, quenching, and rejuvenation focusing on
the role of stellar mass, local environment, close interactions, and metallicity in setting the
SSFR. Although there is a vast amount of literature on this topic, this work presents one
of the most comprehensive studies of all the relevant galaxy properties to date. It has also
sufficient statistics to provide a fair representation of very faint objects, extreme values of
the SSFR, and evolutionary phases that last for relatively short times. We have chosen to
use purely observable quantities rather than model-dependent inferences, and we propose
new tracers of galactic overdensity and close interactions. Most importantly, we propose
a physical interpretation of our results that is somewhat different from the currently most
widely accepted scenarios.
In the following pages we will describe the selection and characterization of the galaxy
sample, and we will present the distribution of the different observables considered, their
correlations, and the implications regarding the mechanisms regulating star formation. We
will also discuss the theoretical interpretations of our results and derive our conclusions.
2.2 Observational data
2.2.1 Sample definition
In order to proceed with the analysis we require a large sample of galaxies (hereafter main)
that will be used to define neighbours and environment, as well as to select the set of sub-
samples whose physical properties will be discussed throughout this chapter.
All data used in the present analysis are obtained from the SDSS Data Release 7 (Abaza-
jian et al., 2009) database. Only objects within the completeness threshold of mr < 17.77
and catalogued as galaxies by the spectroscopic pipeline (entries listed in table SpecObj1)
were chosen to become part of the main sample. Line measurements are obtained from ta-
ble SpecLine, and absolute magnitudes in the r band, Mr, have been computed from the
1http://cas.sdss.org/dr7/en/help/browser/browser.asp
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FIGURE 2.1: Spatial distribution of the main sample of galaxies, and region of
the sky from which the star-forming subsample is selected.
apparent model magnitude2 listed in the photometric catalogue (PhotoObjAll table) using
the spectroscopic redshift distance.
In addition, we impose the following criteria to select our target galaxies from the main
sample:
1. 132.0 < RA < 230.0 and 1.0 < DEC < 56.0
2. mr < 17.5
3. 0.02 < z < 0.07
As can be readily seen in Figure 2.1, the region of the sky from which the star-forming
subsample is selected (white square) leaves at least 2◦ (∼ 3 and 10.5 Mpc for z = 0.02 and
0.07, respectively) with respect to the main sample footprint, in order to minimize boundary
effects when studying interactions and environment. The restriction in apparent magnitude
(mr < 17.5) ensures that every object with a similar-mass companion would be properly
identified. The upper redshift considered roughly corresponds to an absolute magnitude
Mr < −20.0, which is approximately the threshold below which most galaxies are actively
forming stars, and the lower redshift cut prevents selection effects due to local structure.
We then classify our target galaxies into four different subsamples:
1. Galaxies with signal-to-noise ratio S/N > 2 in the Hα, Hβ, [OIII], and [NII] emission
lines, classified as AGN according to the Kewley et al. (2006) criterion based on their
position on the BPT diagnostic diagram (Baldwin, Phillips, and Terlevich, 1981, see
Figure 2.2) are labelled as agn and will not be considered further.
2. Galaxies with S/N > 2 in all the above lines, classified as star-forming according to
Kewley et al. (2006), will be referred as such hereafter. For these systems, the im-
posed S/N ensures that the quality of the spectra is sufficient to estimate the gas-phase
metallicity from the O3N2 ratio.
3. Galaxies where Hα is observed in absorption with S/N > 2 will be referred to as
passive.
4. All other objects are classified as intermediate.
2
http://www.sdss.org/dr7/algorithms/photometry.html#mag_model
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FIGURE 2.2: Distribution of galaxies with S/N > 2 measurements of the
emission lines in the BPT diagram. A dotted line shows the Kewley et al.
(2006) criterion used to separate star-forming galaxies from AGN.
2.2.2 Physical characterization
In order to characterize our galaxy samples in a model-independent fashion we will use
direct observables as proxies for their physical properties.
First and foremost, we will use two different indicators of the SSFR, which is the main
focus of the present study. On the one hand, we will consider the equivalent width of the
Hα emission line, EW(Hα), where the line intensity traces the presence of young stars while
the underlying continuum is set by the whole star formation history of the galaxy (see e.g.
Terlevich et al., 2004). On the other hand, we will also use the (u− r) colour obtained from
the model magnitudes, sensitive to the presence of massive, short-lived stars that dominate
the bluer spectral bands. The main differences between both observables are that EW(Hα)
is subject to aperture effects (see below) and that it traces a younger stellar population than
(u − r). Therefore, these two indicators probe the SSFR on different spatial and temporal
scales.
In order to describe the intrinsic properties (i.e. ‘nature’) of our objects, throughout the
present work we will use the absolute magnitude in the r band, Mr, as a proxy for stellar
mass, and we will use both terms interchangeably. To account for their evolutionary state,







that is well known to decrease monotonically with the gas-phase metallicity (Alloin et al.,
1979) and thus with stellar-to-gas fraction (Searle and Sargent, 1972; Edmunds, 1990; Asca-
sibar et al., 2015).
Concerning the effects of ‘nurture’ on the SSFR, we will quantify the environment in
terms of the local galaxy overdensity, estimated from the projected distance to the fifth
nearest neighbour in the main sample. We propose the relative distance between the first
and second neighbours as a simple indicator for the presence of close companions, and we
will interpret galaxy morphology as a possible tracer of galaxy-galaxy interactions.
The definition of distance is a key aspect in the characterization of close interactions and
environment. Spectroscopic redshifts are available for every object in our sample which
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permits distance calculations in 3D space. However, redshift measurements are strongly
affected by the peculiar velocities of galaxies (especially important in denser environments
such as galaxy clusters). As our galaxy sample covers all kind of environments, this effect
will act irregularly and introduce a bias. In order to avoid such problems, we base our clus-
tering calculations on projected distance measurements, as it is widely done in the literature
(see e.g. Kaiser, 1987; Cooper et al., 2005; Muldrew et al., 2012, and references therein).
For every target galaxy with redshift zgal, we select potential neighbours from the main
sample within a range zgal±0.005 (which corresponds to∼ 15 Mpc or∼ 1500 km/s velocity
difference). Then, the distance to each object in this redshift shell is calculated as the great-





is the angular diameter distance, and dL(z) corresponds to the luminosity distance at red-
shift z.
Since our main sample is magnitude-limited, the number density of galaxies decreases
with redshift as the faintest objects drop out from the sample. Hence, the average distances
to the neighbours increase with z. We circumvent this problem by normalizing such dis-





that is proportional to the average distance between galaxies, assuming they were uni-
formly distributed over the solid angle ∆Ω within the redshift shell z ± 0.005 (i.e. pi r2 ∝
∆Ω d2A/Ngal). Ngal refers to the number of galaxies within the redshift shell under con-
sideration. Then, we will use the normalized distance to the fifth neighbour, R5/r¯, as a
redshift-independent estimator of the local galaxy density (i.e. an indicator of the environ-
ment where the galaxy lives in). Galaxies in voids display values of the order of a few,
whereas cluster galaxies feature values well below unity.
In order to test for the presence of close companions, we chose to use the ratio between
the squared projected distances to the first and second neighbours. For a uniform random
distribution in two dimensions, R21/R
2
2 should be uniformly distributed between 0 and 1,
irrespective of the local galaxy density. A low value of R1 is not in itself indicative of inter-
actions, and it is trivially obtained e.g. for all cluster galaxies. In contrast, very low values
of R21/R
2
2 may mean (in a probabilistic sense) that the first neighbour is much closer than
expected for a purely random distribution, and thus they trace the fraction of close galaxy
pairs in a statistical sample.
Finally, the morphology of a galaxy is also a powerful indicator of its dynamical and
merger history. Thanks to the Galaxy Zoo 1 citizen science project (Lintott et al., 2008), al-
most every galaxy in the SDSS spectroscopic catalogue has a visual morphology classifica-
tion. From the votes of the ‘citizen scientists’, debiased from redshift-dependent resolution
effects that may blur galactic features (such as spiral arms) in SDSS images, galaxies are
classified as ellipticals or spirals (clockwise, anti-clockwise and edge on) if either category
receives at least 80% of the votes. Objects that do not reach the 80% threshold are designed
as uncertain, including a fraction of merging systems. According to Darg et al. (2010), a
visual merger identification can be considered reliable when it receives more than 40% of
the votes. Based on these criteria, we label every object in our sample as early-type, late-type,
uncertain (excluding mergers) or merger.
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FIGURE 2.3: Comparison between model SSFR (Brinchmann et al., 2004) and
our observational proxies. Left panels correspond to the SSFR within the fi-
bre, and right panels show the total SSFR. Top and bottom panels show Hα
equivalent width and (u−r) colour, respectively. Contours in blue, red, green,
and orange correspond to the area that encloses 90% of the star-forming, pas-
sive, intermediate, and agn subsamples. Points correspond to a random selec-
tion of 1500 target galaxies, and they are similarly coloured according to the
subsample they belong to.
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2.2.3 Observational biases
Although our physical characterization is intended to be as objective as possible, it is not
completely free from observational biases, some of them inherent to the selection function
of the spectroscopic SDSS.
For instance, the minimum fibre separation in the detector implies that galaxies in the
spectroscopic catalogue can only be as close ∼ 55 arcsec in the sky (physical distances of
∼ 22.5 and ∼ 74 kpc at our redshift limits of z = 0.02 and 0.07, respectively). This might
introduce some bias in the distance to the fifth neighbour, and it poses a serious problem
for the identification of close pairs (see e.g. Behroozi et al., 2015, and references therein).
In addition, most of the quantities we consider are based on astrometric and/or pho-
tometric measurements, but aperture effects may be an issue for spectroscopic observables
such as the equivalent width of the Hα line or the O3N2 ratio. The aperture of the SDSS
fibre (3 arcsec in diameter) corresponds to∼ 1−4 kpc at z = 0.02−0.07, and therefore these
measurements may not always be representative of the whole galaxy.
Aperture bias has been thoroughly discussed in the literature (e.g. Brinchmann et al.,
2004; Iglesias-Páramo, Vílchez, and Galbany, 2013), and models that take into account the
photometry outside the fibre have been proposed in order to correct the spectroscopic SSFR
from aperture effects. In Figure 2.3 we compare the direct measurements of EW(Hα) and
(u − r) with the aperture-corrected SSFR inferred from the Brinchmann et al. (2004) pre-
scription, as implemented in the MPA-JHU pipeline3.
Equivalent width is tightly correlated with the model SSFR in the area covered by the
fibre (top left panel), at least as far as star-forming and intermediate galaxies are concerned.
For passive galaxies, the Hα absorption line is actually more prominent in systems with
higher SSFR due to a larger contribution of A stars to their optical spectrum. The aperture
correction proposed by Brinchmann et al. (2004) does not change these general trends, but
it broadens the correlation with the extrapolated SSFR, as shown on the top right panel.
(u − r) colour, on the other hand, is an excellent proxy for the model SSFR over the whole
galaxy (bottom right panel), and it is well correlated with the theoretical estimate inside the
fibre, even for passive galaxies (bottom left panel).
The distribution of star-forming, intermediate, and passive galaxies in Figure 2.3 clearly
shows that our sample selection criteria are roughly equivalent to fixed thresholds in SSFR,
colour, or equivalent width. The latter arises from the minimum signal-to-noise imposed,
which is dominated by the contrast (i.e. the equivalent width rather than the absolute lu-
minosity) of the Hβ line with respect to the underlying continuum. Our S/N > 2 criterion,
and thus our definition of the star-forming subsample, is in practical terms very similar to
EW(Hα)>10 Å, (u − r) < 2.3, or SSFR> 3 × 10−11 yr−1, which may not be statistically
representative of the overall galaxy population and introduce a significant source of bias.
Passive galaxies typically populate the range (u − r) > 2.3 and SSFR < 10−11 yr−1. The
intermediate subsample is presumably dominated by emission-line objects with EW(Hα) <
10 Å, most likely weakly star forming galaxies, but, given the low signal-to-noise ratio, it
also includes an uncertain fraction of absorption-line systems and AGN. We have made no
attempt to correct for such effects.
Finally, we have also assumed that the value of O3N2 within the spectroscopic fibre is
representative of the whole galaxy. This measurement does not account for radial abun-
dance gradients, and (assuming the fibre is placed at the centre of the galaxy) it would be
biased high for large spirals. The precise impact of aperture bias on our results concerning
gas-phase metallicity is hard to predict, but the observed values of the radial abundance
gradients in CALIFA disk galaxies suggest a variation of the order of ∼ −0.2 dex between
0.3 and 2 effective radii (Sánchez et al., 2014).
3http://www.mpa-garching.mpg.de/SDSS/DR7/
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FIGURE 2.4: From left to right, different columns show the distribution of
mass (Mr), environment (R5/r¯), interactions (R21/R22), morphology (based on
the Galaxy Zoo visual classification), metallicity (O3N2), and specific star for-
mation rate, traced by EW(Hα) and (u− r) colour, for our subsample of star-
forming galaxies. Different lines correspond to adaptive bins in another of
these properties (one per row) containing 2000 galaxies each. Darker colours
correspond to lower value bins, i.e. imply higher mass, denser environments,
low values of R21/R22, higher metallicity, lower EW, and bluer colour, respec-
tively.
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2.3 Results
In order to study the physical mechanisms that regulate star formation, discriminating be-
tween ‘nature’ and ‘nurture’ processes, we present in this section a thorough characteri-
zation of the distribution and cross-correlations between stellar mass, environment, close
companions, morphology, gas-phase metallicity, and specific star formation rate, using the
observational proxies discussed in Section 2.2.2.
2.3.1 Star-forming galaxies
Our main results for the subsample of star-forming galaxies are summarized in Figure 2.4,
where each column shows histograms of Mr, R5/r¯, R21/R
2
2, galaxy Zoo morphological clas-
sification, O3N2, equivalent width of the Hα line, and (u− r) colour. In each row, different
lines represent adaptive bins in the corresponding physical property, containing 2000 galax-
ies each. Numbers within each panel indicate the Spearman’s rank correlation coefficient
between both variables.
When galaxies are binned by mass (top row), there are no apparent trends in the dis-
tributions of R5/r¯ and R21/R
2
2. We find (as others before, e.g. Gómez et al., 2003) that star-
forming galaxies tend to live in the field, and very few such objects are found in the densest
environments. Furthermore, we show here that this statement is not only valid in a quali-
tative sense; the distribution of R5/r¯ is independent on galaxy mass as long as the galaxy
is classified as star-forming according to our criteria (see figure 2.5 for a comparison to the
intermediate and passive populations).
In contrast, the well-known relation between metallicity and luminosity (Lequeux et al.,
1979) is clearly visible in the distribution of O3N2, with more luminous galaxies (darkest
lines) displaying systematically lower values of O3N2 (higher metallicities). There is a very
weak trend in the distribution of equivalent widths (top row, sixth panel), in the sense of a
more extended tail (i.e. a larger fraction of galaxies with higher SSFR, such as blue compact
dwarfs and HII galaxies) in low-mass systems. The trend is clearer when considering (u−r)
colour (rightmost panel), although the values of the rank correlation coefficients indicate
that there is a weaker correlation between luminosity and colour or equivalent width than
between luminosity and metallicity.
When galaxies are classified in terms of the environmental density (second row), we do
not find any difference in the luminosity function of star-forming galaxies nor the distribu-
tion of their Hα equivalent widths. Nevertheless, we can observe that galaxies in the dens-
est environments tend to be slightly more metal-rich (darkest lines in the second row, fifth
column), in agreement with recent results (e.g. Hughes et al., 2013), and display marginally
redder colours.
Concerning the role of close companions, the distribution of R21/R
2
2 (plotted on the pan-
els in the third column) is roughly uniform, as expected for a random Poisson distribution
in two dimensions. However, there is a clear excess at R21/R
2
2 < 0.1 that we interpret as
an indicator of interactions with the nearest neighbour. The only difference between these
galaxies (represented by the darkest lines in the third row) and the rest of the star-forming
population is the lack of such close pairs in dense environments. Since galaxies move at
larger relative speeds in clusters than in the field, the typical type of two-body interac-
tion is an impulsive encounter (‘harassment’) rather than the formation of a close pair and
subsequent merger (see e.g. Boselli and Gavazzi, 2006). There seems to be a very mild en-
hancement of the SSFR for the darkest bin (R21/R
2
2 < 0.077), observed in both Hα and (u−r)
colour, but its statistical significance is rather weak.
The fifth row is binned in gas-phase metallicity, traced by the O3N2 line ratio. One can
see, as in the reciprocal panels in first and second rows, both the luminosity-metallicity
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relation and (to a much lesser extent) the slight deviation of the most metallic systems
towards denser environments. A clear correlation exists between O3N2 and SSFR, with
lower-metallicity objects showing bluer (u − r) colour and higher EW(Hα). In particular,
about fifty per cent of the objects in the lowest metallicity bin (with O3N2 > 1.25, i.e. less
than half solar according to Pérez-Montero and Contini, 2009) feature values of the equiva-
lent width higher than 50 Å.
In the sixth row, where galaxies are binned according to their equivalent width, no evi-
dent correlation is found with galaxy density or the presence of close companions. There is
a marginal trend with luminosity, with the highest equivalent widths (larger than 65 Å) ap-
pearing in systematically low-mass systems, as well as a significant correlation with O3N2
(albeit with a smaller correlation coefficient than the luminosity-metallicity relation). Sim-
ilar results are obtained using (u − r) colour (seventh row) as an alternative proxy for the
SSFR. No correlation is found with our nurture indicators (R5/r¯, R21/R
2
2), but there is a
clear trend with galaxy luminosity. The correlation with metallicity is even stronger than
that observed for EW(Hα).
Concerning morphological types, the fourth column of Figure 2.4 presents the fraction
of galaxies classified as late-type, early-type, uncertain (excluding mergers) or mergers, binned
in terms of each of the other proxies. Conversely, the fourth row shows the distribution
of each galactic property, segregated by our four morphological types (one can no longer
build adaptive bins of 2000 galaxies).
Our star-forming subsample consists mainly on objects with late (43.15%) and uncertain
(56.28%) morphologies, while early-type (0.45%) and mergers (0.12%) are barely present.
None of our ‘nurture’ proxies (R5/r¯ andR21/R
2
2) seems to correlate with morphology, but we
must recall that this refers to the star-forming subsample only. The trends observed for the
late-type and uncertain objects show that the former are, on average, more massive, more
metallic, redder, and display lower values of EW(Hα). Early-type star-forming galaxies (160
objects) tend to display slightly higher metallicities, redder colours, and higher equivalent
widths. There are only 43 merging systems in the star-forming subsample, and therefore it
is difficult to conclude whether there is a statistically significant increase in their average
equivalent width.
2.3.2 Separating ‘ageing’ and ‘quenching’
As shown in Section 2.2.3, the signal-to-noise threshold imposed for our star-forming sub-
sample is roughly equivalent to a selection criterion EW(Hα)> 9 Å. From Figure 2.4, we
have just concluded that there is only a slight dependence of the SSFR on galaxy luminosity,
and almost no dependence on environmental density, when such a threshold is imposed.
We will now address the relation between galaxy mass, environment, and star forma-
tion, including also the intermediate and passive subsamples, thus covering all possible val-
ues of the Hα equivalent width (with our adopted sign convention, negative values indicate
a stellar absorption feature). Once again, we first arrange all galaxies in bins (either inMr or
R5/r¯) containing 10000 objects. Galaxies within each bin are then classified as star-forming,
intermediate, or passive, as described in Section 2.2.2, and the respective fractions, as well
as the conditional probability distribution of the physical property not used for the bin-
ning (R5/r¯ or Mr), are plotted in Figure 2.5. Star-forming galaxies are shown on the top
panels, whereas the central and bottom panels display intermediate and passive systems, re-
spectively.
Let us start by focusing on the distribution of R5/r¯, plotted on the leftmost column
of the figure. While star-forming and intermediate galaxies tend to live in the field, passive
galaxies can be found in all kinds of environments. In contrast with the other two popula-
tions, they also display a remarkably different behaviour at high and low luminosities. At
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FIGURE 2.5: Distribution (left panels) of R5/r¯ (environment, left) and Mr
(mass, right) for the star-forming (blue), the intermediate(green) and the pas-
sive(red) subsamples. The fraction of the three subsamples (right panels) is
also represented against R5/r¯ and Mr. Line shading correspond to bins in
the other variable and are fixed to contain 10000 galaxies. Darker colours
correspond to lower value bins, i.e., more massive objects and denser envi-
ronments. Black solid line in left panels correspond to the distribution of the
whole sample.
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the low-mass end (light-shaded lines) they are mostly located in dense environments, but
the distribution of R5/r¯ quickly becomes bimodal as we consider higher luminosity bins.
High-mass passive galaxies (showing Hα in absorption with S/N > 2) can be found both
in clusters and in the field, confirming the idea that there are indeed two mechanisms that
may reduce (not necessarily ‘quench’ on a short time scale) the star formation activity of
a given galaxy to a negligible level. One of these mechanisms would be related to galaxy
mass (and, most probably, its ‘nature’), whereas the other, clearly related to the environ-
mental density (i.e. ‘nurture’), would act upon galaxies of all masses (see e.g. Peng et al.,
2010).
As it has been previously reported in the literature, the fraction of star-forming galaxies
(selected by either colour or Hα) at fixed stellar mass is a strong function of local density,
and there is also a clear dependence on galaxy luminosity at fixed R5/r¯. The fraction of
galaxies classified as star-forming according to our criteria (top panels on the right column
of Figure 2.5) is indeed a monotonically decreasing function of both luminosity and galactic
overdensity, although, contrary to some previous studies (cf. Tanaka et al., 2004), we do not
find evidence for a sharp transition at any particular value of either quantity.
Moreover, we would like to argue that the distinction between passive and intermediate
galaxies is also a critical factor in order to discriminate between ‘ageing’ and ‘quenching’
mechanisms. In low-density environments, most of the galaxies that are not star-forming
fall in the intermediate category, i.e. the fraction of truly passive systems (Hα unambiguously
detected in absorption) is systematically lower than that of intermediate objects for all lumi-
nosities. As we will discuss later in more detail, the average SSFR of the field population is
a decreasing function of stellar mass, but it seldom becomes negligible, especially for late-
type galaxies; it merely tends to drop more and more often below the selection threshold
defining the star-forming class.
As noticed by several authors (e.g. Baldry et al., 2006; Peng et al., 2010), the effects of
mass and environment on the fraction of star-forming galaxies are fully separable, and the
curves with different shading on both of the top panels of the right column are parallel to
each other. However, these objects may gradually move towards the intermediate population
due to ‘ageing’, staying there for a long time, or quickly migrate through the intermediate
class towards the passive group due to a sharp quenching of their star formation activity.
If only a mass-independent quenching mechanism were at work, the fraction of passive
galaxies would increase at the expense of both star-forming and intermediate objects in equal
proportion, and therefore the ratio between their fractions would stay constant. In contrast,
one can readily observe that the effect of the environment on the fraction of intermediate
galaxies is not independent on mass. The curves on the middle panels of the right column
in Figure 2.5 are not parallel to each other, and they bear relatively little relation to the
fraction of star-forming galaxies on the top panels.
Our results show that, as the local density increases, a certain fraction of the star-forming
population becomes intermediate and another undetermined fraction becomes passive. At
the same time, a fraction of the intermediate galaxies turns passive, but they are approxi-
mately balanced by a similar number of star-forming galaxies moving into the intermediate
realm. Incidentally, the final fraction of intermediate galaxies turns out to be rather insensi-
tive to the environmental density (middle right panel).
This process is further examined in Figure 2.6, where we show the distribution of SSFR,
traced by both colour and equivalent width, in different bins of mass and environment. We
confirm the finding of Balogh et al. (2004b) that the mean (u − r) colour of the ‘blue’ pop-
ulation (a mixture of intermediate and star-forming galaxies) becomes progressively redder
with increasing galactic overdensity. A similar trend can be seen in EW(Hα), whose distri-
bution is plotted on the left panels. As the density increases, the distribution becomes more
asymmetric, with a tail extending into the intermediate region, and its peak moves slightly
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FIGURE 2.6: Normalized distributions of EW(Hα) (left) and (u − r) (right)
for different luminosity bins (brightest galaxies are plotted on the top pan-
els). Line shading indicates environmental density, with darker colours cor-
responding to the lowest values ofR5/r¯ (densest environments). The binning
in R5/r¯ has been computed from the whole target sample (10000 galaxies per
bin), and it is the same in all panels.
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towards lower values of the equivalent width. While these effects are consistent with a
mild ‘ageing’ associated to denser environments, the dominant mechanism at play is a fast
quenching of the star formation rate, responsible for quickly driving the objects towards
the peak associated to the passive population.
However, the role of intermediate galaxies is not entirely clear in this context. Are they
transition objects, caught during the short interval of the transformation from star-forming
into passive after their SFR has suddenly dropped to zero, or will they live there for a long
time, because their SFR has just decreased slightly (e.g. due to a shortage of external gas
supply)?
In order to discern ‘ageing’ from ‘quenching’ (i.e. the time derivative of the star forma-
tion rate), it is interesting to compare two tracers of the SSFR that are sensitive to different
time scales. As recently shown by Schawinski et al. (2014), early- and late-type galaxies
occupy very different regions of the NUV−u − r colour-colour diagram, with the former
displaying systematically redder (NUV−u) colours, even for similar values of (u− r). Since
UV emission probes star formation on shorter time scales (of the order of 107− 108 yr) than
optical colours (108 − 109 yr), they concluded that early-type galaxies in the ‘green val-
ley’ have undergone a rapid end to star formation, whereas late-type galaxies with similar
(u− r) colours have experienced at most a slow decline in their star formation activity.
Rather than UV colours, we will use here the equivalent width of the Hα line to probe
the SSFR on scales of the order of ∼ 107 yr. Roughly speaking, the intensity of the Hα line
is proportional to the mass of O and B stars, whereas the continuum traces the total stellar
mass. Thus, EW(Hα)∼ M7/M , where M7 denotes the stellar mass created during the last
10 Myr. On the other hand, (u − r) is sensitive to the presence of A stars, and it varies on
scales of the order of 300 Myr. To first order, one may consider that (u − r) ∼ M8.5/M ,
although this is only a coarse approximation (e.g. in the absence of dust extinction, no
galaxy can be redder than a single stellar population with the current age of the universe).
If the star formation rate of a given galaxy evolved slowly (ψ/ψ˙ > 300 Myr), there
should be a one-to-one relation between its Hα equivalent width and its (u − r) colour,
since both would be tracing exactly the same quantity; SSFR= ψ/M . We will refer to this
relation (the location of all galaxies with smooth star formation histories on the EW-colour
diagram) as the ‘ageing’ sequence.
If star formation were suddenly shut off, nebular Hα emission would drop to negligible
values on ∼ 10-Myr scales, but the galaxy would still retain some memory of its origi-
nal blue colour. In fact, there would be a large amount of A stars and, therefore, recently
quenched galaxies are expected to feature stronger absorption lines (and bluer colours) than
a genuinely old stellar population (Dressler and Gunn, 1983). The higher the SSFR before
the quenching event, the stronger the Hα absorption and the bluer (u−r) after 10 Myr. Dur-
ing the subsequent Gyr, A stars would gradually die; Hα absorption will become weaker,
and colours will become redder, until the galaxy eventually joins the red extreme of the
‘ageing’ sequence. Galaxies in this phase would occupy a completely different region of the
EW-colour diagram, forming a well-defined line where EW(Hα) is a monotonically increas-
ing function of (u− r) that we will term the ‘quenched’ sequence.
The (u − r) colour – EW(Hα) diagram of our sample of SDSS galaxies is plotted in
Figure 2.7, segregated by morphological type and environment, and coloured according to
the object luminosity. Although the ticks and labels in the y-axis indicate the actual value of
EW(Hα), the plotted quantity is in fact log(EW/Å+2) in order to show both emission and
absorption lines on a common logarithmic scale.
At the lowest overdensities, late-type galaxies seem to be well described by a single
‘ageing’ sequence (i.e. ψ/ψ˙ > 300 Myr). The vast majority of them are forming stars at
some level, but they span a broad range of SSFRs, going from very active to very quiescent
























































































































































































systems, and we do not detect any sharp transition whatsoever between the star-forming,
intermediate, and passive populations.
Field early-type galaxies appear at the end of this sequence. Some of them display weak
Hα emission, but almost none of them shows clear signatures (blue colours and strong Hα
absorption) of a recent quenching event. Most of these systems are consistent with very
low values of the SSFR (not necessarily of the instantaneous SFR) and a very old stellar
population, in the sense of the mass-weighted average defined in equation (2.1).
Galaxies with uncertain morphology are distributed along the whole sequence, but it
is interesting to note that they reach the most extreme values at both ends (in fact, this
category accounts for more than 80% of the galaxies with EW(Hα)> 65 Å). From Figure 2.7,
it becomes evident that galaxies showing the strongest quenching signatures also tend to
display a disturbed appearance. Interestingly, field galaxies unambiguously classified as
ongoing mergers can only be found at the blue extreme.
In the densest environments, the ‘ageing’ sequence defined by late-type galaxies moves
toward redder colours and lower equivalent widths. There is a general displacement of
the sequence, consistent with the results plotted in Figure 2.6, in the sense that galaxies of
a given luminosity tend to be slightly older in dense environments. However, the overall
sequence stays roughly invariant (if anything, perhaps even narrower than in the field),
with very few objects showing obvious post-quenching signatures. Therefore, we conclude
that late-type galaxies in dense environments have systematically lower SSFR and older
stellar populations given their mass, but their star formation rate has not undergone any
sudden change.
In contrast, many early-type galaxies in dense environments are arranged in a tight
disposition with stronger Hα absorption in bluer systems, consistent with the quenching
scenario. Furthermore, if we focus on galaxies in different luminosity bins, one can see them
all over the ‘quenched’ sequence, tracing the time elapsed since star formation stopped, but
fainter objects, which typically started with higher SSFR, reach bluer colours and deeper
absorption features than more massive systems.
The ‘ageing’ and ‘quenched’ sequences are also evident in galaxies with uncertain mor-
phology, which constitute (as in the field) more than fifty per cent of the population. They
seem to reach bluer colours in the quenched sequence, but they do not particularly stand
out among the ageing population. A small number of mergers seem to be associated to
objects with enhanced star formation, but most of them are located at the red extreme of the
quenching sequence.
2.3.3 The SSFR-luminosity relation
There is ample observational evidence that there exits a tight relation between the stel-
lar mass and instantaneous/specific SFR of star-forming galaxies, often referred to as the
‘galactic main sequence’ (see e.g. Noeske et al., 2007; Speagle et al., 2014, and references
therein). At low masses, the star formation rate is roughly proportional to the stellar mass,
and therefore all star-forming galaxies display similar SSFRs, almost independent on lumi-
nosity. The situation at high masses is still debated, but there is growing consensus that
massive star-forming galaxies have consistently lower SSFR (albeit similar or higher SFR)
than their smaller counterparts, especially in the local universe (e.g. Whitaker et al., 2014;
Ilbert et al., 2014; Tasca et al., 2014).
The SSFR of our galaxy sample, traced by either (u − r) colour or EW(Hα), is plotted
in Figure 2.8 as a function of galactic luminosity Mr, segregated by morphology and envi-
ronment as in Figure 2.7. In the EW(Hα)−Mr plane (top panels), galaxies are colour-coded
by (u− r), whereas in the colour-magnitude diagram (bottom panels), red, green, and blue
correspond to different bins in equivalent width.
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FIGURE 2.8: Galactic SSFR-luminosity relation, using Hα equivalent width
(top) and (u − r) colour (bottom) as proxies for the SSFR. Figure schema is
the same as in Figure 2.7. The colours of the points correspond to: Top – three
different bins in (u − r) colour: red, objects with (u − r) > 2.5; green objects
with 1.5 < (u − r) < −2.5 ; and blue, objects with (u − r) < 1.5. Bottom –
three different bins in EW(Hα): red, objects with EW(Hα)< 0.0; green objects
with 0.0 <EW(Hα)< 10.0 ; and blue, objects with EW(Hα)> 10.0.
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Since galaxies of early-type morphologies are known to display consistently redder
colours than late-type spirals (see the colour-magnitude diagrams on the bottom panels; cf.
Schawinski et al., 2014), it is not surprising that they also feature lower equivalent widths,
often (yet not always) showing the Hα line in absorption (top panel). Nevertheless, some
early-type galaxies, especially in the field, display obvious signs of star formation, both in
EW(Hα) and in (u − r). As noted above, they seem to represent the low-SSFR end of the
‘ageing sequence’ in Figure 2.7. Figure 2.8 suggests that, in the absence of environmental
effects (i.e. in the filed) there is a single relation between SSFR and Mr.
We would strongly advocate for including intermediate and passive galaxies, of any mor-
phological type, in the ‘galactic main sequence’. As noted by Whitaker et al. (2014), the
shape of the sequence does not change by more than 0.1 dex when the whole galaxy pop-
ulation is considered. Combining our Figures 2.7 and 2.8, we do not find observational
support for any quenching mechanism acting on field galaxies. The most massive systems
tend to have formed most of their stars a long time ago and have arranged them into an
early morphological type, but there seems to be a continuous variation over the full range
of SSFR.
In particular, our results strongly disagree with the two-population scenario, where
some galaxies form stars with a given, mass-independent SSFR, until they are suddenly
quenched (e.g. Peng et al., 2010). The apparent trend of a constant SSFR (as in e.g. Fig-
ure 2.4) is entirely due to the selection of star-forming systems. As shown in Figure 2.3, our
subsamples of star-forming, intermediate, and passive galaxies roughly correspond to fairly
well defined cuts in colour or equivalent width. In fact, they are statistically representative
of the traditional ‘blue cloud’, ‘green valley’, and ‘red sequence’ regions selected from the
colour-magnitude diagram. We argue that any such classification of the galaxy population
introduces a serious bias on the average (S)SFR as a function of galaxy mass.
The situation in dense environments is completely different. The stellar population of
late-type galaxies becomes, on average, slightly older, and some of these objects do indeed
belong to the passive class. At a given luminosity, the distribution of equivalent widths
seems to broaden, reaching significantly lower values of EW(Hα), whereas the (u − r)
colours tend to become somewhat redder, consistent with the ‘ageing’ effect discussed in
the context of Figures 2.6 and 2.7. The fraction of elliptical galaxies increases dramatically
with respect to the field, and many of them display signatures that are consistent with re-
cent quenching. Both statements are particularly evident in the case of low-mass galaxies,
which typically display the highest SSFRs at low overdensities, and therefore the effect of
the environment can be more clearly noticed as a sharp discontinuity between the galaxy
properties of the ‘ageing’ and ‘quenched’ populations.
Galaxies with merging signatures display a clearly bimodal distribution. In the field,
they feature the highest SSFR, especially as far as the EW(Hα) is concerned, whereas in
dense environments they are systematically located at the red extreme, although it is not
obvious whether they are more likely to belong to the ‘ageing’ or the ‘quenched’ sequence
(cf. Figure 2.7).
2.3.4 The SSFR-metallicity relation of star-forming galaxies
Our results so far are consistent with a single ‘galactic ageing sequence’ where most galaxies
spend the largest part of their lives, including both passive and star-forming systems, with
early- or late-type morphologies. In addition to the correlations discussed in the present
work, many other relations between the relative properties (colours, equivalent width, spec-
tral shape, metallicity, gas fraction, mass-weighted mean age of the stellar population...) of
a given galaxy have previously been reported (see e.g. Ascasibar and Sánchez Almeida,
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FIGURE 2.9: Galactic SSFR-metallicity relation, using Hα equivalent width
(top) and (u − r) colour (bottom) as proxies for the SSFR, and O3N2 for the
gas-phase oxygen abundance. Figure schema is the same as in Figure 2.7. The
colours of the points correspond to: both, top and bottom – three different
bins in mass (Mr) : red, objects with Mr < −21.5; green objects with −21.5 <
Mr < −19.5 ; and blue, objects with Mr > −19.5.
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2011; Ascasibar et al., 2015), and therefore any of these parameters can be used to describe
the current state of the galaxy in terms of its location along the sequence.
Here we will attempt to use the gas-phase oxygen abundance, traced by the O3N2 line
ratio. As shown in Figure 2.4, the SSFR (measured in terms of colour or equivalent width)
presents a higher correlation coefficient with O3N2 than it does with the absolute magni-
tude Mr. On theoretical grounds, the gas-phase metallicity is expected to be closely related
to the integrated star formation history of the galaxy, not only for the closed-box model
(Searle and Sargent, 1972), but for more elaborate scenarios including inflow and outflow
of gas (e.g. Edmunds, 1990), even on resolved scales (Ascasibar et al., 2015). The main dis-
advantage, of course, is that enough signal-to-noise ratio is necessary in order to estimate
the O3N2 line ratio, and therefore we have restrained the discussion to the star-forming sub-
sample.
The observed relation between the SSFR and O3N2 of star-forming galaxies, illustrated
in Figure 2.9, is indeed tighter than the relation between SSFR and luminosity discussed in
the previous section. As it was previously reported when discussing Figure 2.4, the trend is
clearer when using (u− r) colour as a proxy for SSFR. The SSFR-metallicity relation is fully
compatible with ‘ageing’ dominating the evolution of most star-forming galaxies, displaying
almost exclusively late-type and uncertain morphologies. Interestingly, we do see that the
few mergers present in the sample do not only show, on average, higher SSFR, but also
lower chemical abundance, than late-type or uncertain systems, hinting that they may be
associated to the accretion of low-metallicity gas towards the main galaxy. In all cases,
galaxies with high SSFR (i.e. younger stellar populations) are metal-poor, and vice versa.
Additional work would be required in order to investigate whether the observed correlation
between SSFR and metallicity is not only stronger, but indeed more fundamental than the
correlation with stellar mass.
Regarding denser environments (recall here that we are missing passive and intermediate
galaxies) we find that there is an evident lack of low-metallicity objects that could be ex-
plained either by an accelerated ageing (induced by e.g a reduction of the gas accretion rate
with respect to the field) or by unidentified quenching mechanisms (e.g. stripping and/or
rapid consumption) completely removing the gas from our systems and sending them to
the quenched sequence. In the latter case, it might be possible to find a quenching signature
in the relation between SSFR and the mass-weighted stellar metallicity.
2.4 Discussion
In this section, we would like to propose a scenario where a combination of both nature
and nurture processes is responsible for regulating the SSFR of a given galaxy. As we em-
phasized in the introduction of this chapter, we distinguish between smooth variations of
the instantaneous/specific SFR (ageing), a sudden interruption of the star formation activ-
ity (quenching), and a transient episode of star formation that is sufficiently intense as to
decrease the mass-weighted age of the underlying stellar population (rejuvenation burst).
Let us now briefly explore some possible physical mechanisms that may be responsible for
these qualitatively different behaviours.
2.4.1 Ageing
In low-density environments, we argue that most galaxies should be expected to start their
lives in a ‘chemically-primitive’ (gas-rich, metal-poor, young stellar population, and high
SSFR) state. As they turn their gas into stars and enrich it with metals, they would gradually
move towards a ‘chemically-evolved’ (gas-poor, metal-rich, old stellar population, and low
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SSFR) state. Let us stress once again that this ‘ageing’ process is unavoidable unless the star
formation rate increases exponentially in time. While possible, such sudden changes in
the SSFR (see the subsection on ‘rejuvenation bursts’ below) do not seem to dominate the
overall evolution of typical field galaxies, although they may significantly perturb it for a
limited amount of time and/or for a limited fraction of objects.
Considering the average properties of the galaxy population, unaffected by environ-
mental factors, this work firmly establishes the existence of an ‘ageing sequence’; i.e. a
fairly tight relation between the average EW(Hα) and (u− r) colour of unperturbed galax-
ies (extensive to O3N2, at least for the star-forming subsample). This sequence is not meant
to represent chronological evolution, but a particular region of the parameter space where
most galaxies are found at the present time (and there is, in fact, no reason to expect that it
should be invariant with cosmic epoch). It merely reflects the relation that must exist be-
tween the physical properties of ‘young’ and ‘old’ galaxies if their star formation rate has
varied slowly with time according to some smooth function ψ(t), whose analytical descrip-
tion lies well beyond the scope of the present discussion.
Quite remarkably, dwarf galaxies (and, in particular, HII galaxies) tend to be located
closer to the primitive extreme of the sequence, whereas more luminous systems tend to be,
on average, more chemically evolved. The physical origin of the relation between the total
mass and the mass-weighted age of the stellar population (or the gas-phase metallicity) is
an open question. Ageing is related to the speed at which the gas is accreted and turned
into stars, which may be affected by several ‘nature’ and ‘nurture’ processes. The observed
dependence on the environmental conditions may thus help us constrain the dominant
physical mechanisms at work.
Galaxies in the field are consistent with a single trend, without any obvious discontinu-
ity associated to the stellar mass or SSFR. For ‘ageing’ galaxies at fixed luminosity, there is a
mild shift towards more chemically-evolved systems (higher metallicities and lower SSFR)
in dense environments. Since both the stellar mass and the galaxy overdensity are related to
the mass of the host dark matter halo, this shift might be associated with ‘nature’ processes
driven by the relative efficiencies of gas infall, cooling, and consumption as a function of
halo mass. In addition, ‘nurture’ processes, such as the strangulation of cold gas supply,
may play a role in the accelerated ‘ageing’ in dense environments.
As a final remark, let us note that galaxies with a smooth star formation history may
be subject to morphological evolution, triggered by both internal and external mechanisms,
and they may also be temporarily offset from the ‘ageing sequence’ due to discrete quench-
ing or rejuvenation events. As long as they remain in the field, they will continue accreting
gas and forming stars. After some time, they will return to the ‘ageing sequence’ and re-
cover their original morphology, which may be most likely late-type or uncertain.
The time scales of such recovery will depend on the mass of the object, the availabil-
ity of gas, and intensity of the event under consideration. We argue that field elliptical
galaxies, located at the end of the ‘ageing sequence’, are representative of the last stages
of secular galactic evolution. We do not observe any convincing evidence that they have
recently interrupted their star formation activity due to a merger event. Rather, we propose
that these galaxies, being more massive, already had a lower SSFR previous to such event,
and therefore they kept their post-merger elliptical morphology up to the present day. In
this scenario, early-type morphologies would be a consequence, rather than the cause, of a
reduced SSFR.
2.4.2 Quenching
One of the main results of the present work is that we only find unambiguous evidence for
quenching in dense environments. In these cases, star formation does not evolve gradually
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until the gas reservoir is exhausted. On a very short time scale, these galaxies are removed
from the ‘ageing sequence’ by shutting down star formation to a level that Hα is clearly
detected in absorption. Then, they evolve over the lifetime of A stars along a ‘quenched
sequence’ in the colour-equivalent width diagram, until both branches merge at the ‘red-
and-dead’ extreme.
The critical role played by the galactic overdensity hints that quenching is directly re-
lated to the mass of the dark matter halo. It seems reasonable to expect that, for star forma-
tion to stop, it is necessary to prevent further accretion of cold gas. This would be the reason
why most galaxies in the field (in particular, low-mass galaxies) are almost invariably found
among the ‘ageing’ population. Even if a discrete event might momentarily quench their
star formation activity, it would be quickly resumed as a consequence of efficient gas accre-
tion and cooling.
Nevertheless, the very existence of a ‘quenched sequence’ implies that the physical pro-
cess(es) responsible for environmental quenching must be very fast. Preventing the accre-
tion of new cold gas is a necessary but not sufficient condition; the galaxies’ reservoir must
be almost entirely consumed on a time scale much shorter than the lifetime of A stars. Other
‘nurture’ processes, such as ram-pressure compression and stripping, or tidal interactions
and mergers with other galaxies, could contribute to quench star formation in dense envi-
ronments, probably leaving a morphological signature. From the top panel of Figure 2.8,
we do indeed find that most of the low-mass galaxies featuring Hα absorption lines have
early-type or uncertain morphologies. Some of them are classified as spirals, though, and
it is difficult to assess whether the events (most likely nurture-related) responsible for the
morphological transformation have also played a dominant role in the quenching of star
formation, or, by the contrary, the observed morphology is a consequence of quenching,
analogously to the scenario we proposed for field elliptical galaxies.
2.4.3 Rejuvenation bursts
Both ‘ageing’ and ‘quenching’ drive our systems towards a more ‘chemically evolved’ state.
In particular cases (arguably much more common in the early universe), it is possible that
some galaxies evolve towards more ‘chemically primitive’ states for a limited period of
time. For instance, accretion of pristine gas well above the star formation rate would re-
duce the stellar-to-gas fraction and dilute the chemical composition. It is also likely that
such event drives a burst of star formation that would increase the metal abundance and
stellar fraction, as well as the SSFR, yielding a higher equivalent width for the duration of
the burst as well as higher luminosities and bluer colours for a longer time. In extreme cases
(regardless of gas accretion), a star-formation burst would decrease the mass-weighted av-
erage age of the stellar population. This is our definition of ‘rejuvenation’.
Assuming that these processes leave an imprint on galaxy morphology, one can assess
their statistical relevance on galaxy evolution by studying the correlations between colour,
equivalent width, luminosity, and metallicity for galaxies displaying disturbed morpholo-
gies. Our results clearly show that visually-identified mergers display systematically higher
EW(Hα) and lower (u−r) for a given Mr than galaxies with late-type morphology (or even
those with uncertain morphology) for low-mass galaxies in low-density environments, i.e.
those where a significant gas reservoir is expected. We interpret this as evidence for merger-
induced rejuvenation.
However, most galaxies with high SSFR have uncertain morphologies, which could well
be associated to a recent merger, but they could also be due to intrinsic ‘nature’ processes
(e.g. stochastic star formation), especially in low-mass galaxies. We can only ascertain
that galaxies with irregular morphology have, on average, slightly higher SSFR than late-
types, although the effect seems to be milder than the enhancement observed in ongoing
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mergers (which represent a very small fraction of the galactic population). We argue that
‘rejuvenation’ episodes contribute to the scatter observed in both, the ‘ageing sequence’
and the relations between SSFR, metallicity, and luminosity. Nevertheless, these processes
are not the dominant mechanism regulating neither the star formation nor the chemical
evolution in galaxies.
It is possible, though, that they are important in particular types of objects, such as e.g.
HII galaxies. The presence of an underlying host with an older stellar population (see e.g.
Papaderos et al., 1996; Amorín et al., 2009; Janowiecki and Salzer, 2014) hints that these
objects are good candidates for a ‘rejuvenation’ episode. However, it is not entirely clear
whether the mass-weighted age of the stellar population, defined in equation (2.1), has
decreased as a consequence of a recent star formation burst or the SSFR has been a smooth
function of time throughout most of their history. Recent observations do indeed suggest
that low-mass star-forming galaxies, including blue compact dwarfs, have formed 90 per
cent of their stellar mass between 0.5 and 1.8 Gyr ago, consistent with the expectation from
the SSFR-luminosity (or SSFS-metallicity) relation of ‘ageing’ galaxies (Rodríguez-Muñoz
et al., 2015).
Since EW(Hα) is sensitive to star formation ∼ 10-Myr scales, we argue that close pairs
or merger signatures should be clearly visible in the majority systems in the interaction-
induced burst scenario. Therefore, our results support the idea that HII galaxies are simply
the ‘chemically primitive’ extreme of the ‘ageing sequence’, but we do not find evidence
that their SSFR has increased drastically on very short time scales.
2.5 Conclusions
We have carried out an analysis of the mechanisms driving and regulating star formation
in the local universe. To do so we have selected a sample of galaxies from the SDSS DR7
spectroscopic catalogue, applying restrictions in apparent magnitude, redshift, and posi-
tion in the sky, and then classified them as star-forming (35425 objects), agn (8099 objects),
passive (19266 objects), or intermediate (19826 objects) according to the observed intensity
and signal-to-noise ratio of some of their optical spectral lines.
For the star-forming subsample, we have studied the distribution of absolute magnitudes
in the r-band (Mr), the normalized distance to the fifth nearest neighbour (R5/r¯), the ratio of
squared projected distances of the first two neighbours (R21/R
2
2), the morphologies derived
from the galaxy Zoo visual classification project, the O3N2 metallicity indicator, the equiv-
alent width of the Hα line, and the (u− r) colour. Although we find evidence that mergers
may temporarily increase the SSFR, we conclude that most (non-merging) star-forming sys-
tems evolve through internal processes, i.e. ‘nature’, as we do not find, on average, any
statistically-significant signature of the interaction-induced scenario. We do find, however,
that star-forming galaxies tend to be found in the field, and we show that the distribution
of environmental density is in fact independent on other galaxy properties, including lu-
minosity. As far as we are aware, this is the first time such result has been reported in the
literature.
Our analysis also shows that the restriction in signal-to-noise used to define our star-
forming subsample, roughly equivalent to a fixed threshold in EW(Hα) or (u − r), creates
an artificial bimodality when comparing star-forming and passive galaxies. Including the
intermediate population, we arrive at the following conclusions:
1. In low-density environments, most present-day galaxies are distributed along a rel-
atively narrow ‘ageing sequence’ in the EW(Hα)-(u − r) plane. At the ‘chemically
young’ extreme, galaxies have high SSFR (blue colours and high equivalent widths),
low metallicity (high O3N2), and late-type or uncertain morphology. We argue that,
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at the ‘chemically old’ extreme, galaxies tend to display elliptical morphologies be-
cause the SSFR is insufficient to rebuild a significant disk. Brighter galaxies tend to be
more chemically evolved, resulting in clear correlations between SSFR and luminosity
or metallicity, but all of them are consistent with a smoothly-varying SSFR driven by
secular (‘nature’) processes, with little evidence for recent ‘quenching’ or ‘rejuvena-
tion’ episodes.
2. In dense environments, we detect a ‘quenched sequence’ in the EW(Hα)-(u−r) plane,
consistent with a very rapid truncation of the star formation activity. Most of these
objects display early-type or uncertain morphologies, but it is difficult to establish a
causal connection between galaxy interactions and the drop in SSFR.
We thus propose a scenario where ‘nature’ is more important than ‘nurture’ in regu-
lating star formation in galaxies. Starting their lives as ‘chemically primitive’ objects, they
gradually turn their gas into stars with a slowly-evolving SSFR and evolve towards ‘chem-
ically old’ systems, leading to the observed relation between EW(Hα) and (u − r) colour.
Apart from this unavoidable ‘ageing’ process, galaxies are also susceptible to ‘quenching’ (in
dense environments) and/or ‘rejuvenation’ episodes (associated to extreme bursts of star
formation). The ability to return to the ‘ageing sequence’ after such events is linked to the
external gas supply. Galaxies will become red and dead either when they totally exhaust
their gas reservoir and stop forming stars (end of the ‘ageing sequence’) or when they suf-
fer a quenching event in a dense environment and they are no longer capable of accreting
gas (‘quenched sequence’). Mergers and galaxy-galaxy interactions may temporarily affect
the instantaneous SSFR, but they merely seem to add statistical fluctuations to the main
relation.
The work presented in this chapter was conducted analysing a carefully selected sample
of aproximately 82500 galaxies. This allows us to derive statistically robust conclusions
based on the average properties of local galaxies. However, some of the proxies considered
suffer from a strong aperture bias that, in theory, should restrict our results to those areas
of galaxies covered by the 3 arcsec fibre. Besides, SDSS fibres point to the brightest parts
of the systems (as observations were designed in such way) introducing a selection bias.
Therefore, this work presents the “ageing” of galaxies for the first time in this thesis but
also leaves a series of open questions:
• How important are these aperture effects and how will they affect the results of this study?
• Do galaxies age on their entire extent or do we expect any radial behaviour?
In order to answer these questions we extended this work to a selected sample of IFS
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3.1 Introduction
As proposed in the previous chapter, the effects of ageing and quenching in galaxies can
be investigated by means of the colour-equivalent width diagram, whose physical inter-
pretation is qualitatively illustrated in Figure 3.1. Both quantities are proxies for the SSFR,
but they are sensitive to different stellar populations and therefore to different time scales.
On the one hand, the intensity of the Hα line is proportional to the number of O and B
stars, responsible for the ionizing ultraviolet radiation. When considered in terms of equiv-
alent width (EW), it roughly traces the fraction of stellar mass that has formed over the last
10− 30 Myr. On the other hand, broad-band colours are more sensitive to the overall shape
of the spectral energy distribution, and they trace older stellar populations, varying on time
scales of the order of ∼ 0.1− 1 Gyr.
If the star formation rate varies smoothly over the whole life of a galaxy, the system
slowly moves from the ‘primitive’ extreme on the upper left – blue colours and high EW,
which also imply low metallicity and high gas fraction (see e.g. Ascasibar et al., 2015) –
towards the ‘evolved’ extreme on the bottom right (red colours and EW of the order of
1 − 2 Å in absorption, which we denote as negative values). The main result presented in
Chapter 2 (and probably also the main result of this thesis) is indeed that most galaxies in
the field describe a relatively tight ‘ageing sequence’ in the colour-equivalent width plane
(green line in Figure 3.1), that we interpret in terms of gradual evolution driven by the
secular conversion of gas into stars.
However, as we also discussed in the final part of the previous chapter, this result is
based on SDSS measurements of very nearby galaxies and may be severely affected by aper-
ture bias. The 3′′ fibre translates into a physical diameter of 1.2−4 kpc for the redshift range
considered in the above mentioned work (0.02 < z < 0.07), and it only covers the brightest
part (typically the centre, or a giant HII region in some extreme cases) of the objects under
study. To tackle this issue, in this chapter we extend the study of the colour-equivalent
width diagram to a sample of 40 objects considered in the SDSS analysis that have also
been observed by the Calar Alto Legacy Integral-Field Area (CALIFA) survey (Sánchez et
al., 2012a). The field-of-view (FoV) of the PPAK/PMAS instrument consists of an hexagon
of 65′′× 74′′, and the CALIFA sample has been diameter-selected so that it typically reaches
up to about ∼ 2 effective radii, ensuring a representative coverage of the observed galaxies
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FIGURE 3.1: Illustration of the “ageing” process in galaxies as interpreted
from the colour-equivalent width diagram. The y-axis depicts the equivalent
width of the Hα line, whose strength is driven by the light of O and B stars,
tracing SF in timescales of the order of 107yr. The x-axis corresponds to the
(g-r) colour, mainly driven by the emission of the continuum, less sensitive
to sudden changes in the SF and tracing timescales of the order of 108−9yr.
The black contour corresponds to the location of 90% of the sample consid-
ered in Chapter 2 (SDSS). The red dashed line corresponds to the zero value
in EW, separating absorption and emission in the diagram. Blue dashed line
corresponds to EW(Hα)=9Å, minimum threshold equivalent to imposing a
S/N > 3 in the four emission lines used in the BPT diagram, illustrating a
dangerous source of bias. Green solid line corresponds to the location of our
proposed “ageing sequence”, consequence of the secular evolution (nature)
of “galaxies”, i.e. conversion of gas into stars. The steeper red arrow repre-
sents a much rapid and abrupt transition through the diagram corresponding
to complete quenching of the star formation activity.
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FIGURE 3.2: Spatial distribution of the SDSS spectroscopic galaxy sample
(defined as main sample in Casado et al., 2015). The white square limits the
region used in the analysis of Chapter 2. Red and green circles correspond
to the main and extension samples of the CALIFA survey, respectively. Yel-
low symbols represent the location of the overlapping sample (triangles corre-
spond to the 24 objects whose results we present in this chapter).
(Walcher et al., 2014). In this continuation work we consider integral-field spectroscopic
(IFS) data in order to:
• Study the impact of the well-known aperture effect affecting SDSS spectroscopic data
and verify the results of Chapter 2.
• Investigate the ageing and quenching processes on resolved scales over the whole
galactic extent.
• Consider the effect of local properties (CALIFA spaxel size roughly corresponds to
∼1kpc physical size) in driving the “ageing” of galaxies.
In the coming sections we describe the galaxy sample considered for this work and
its physical characterization. In order to mimic the procedure conducted in Chapter 2 we
present a comparison of the proxies used in our analysis of SDSS galaxies with ancillary
data available for our IFS data (CALIFA). Finally we explore the colour-EW diagrams for
every given object, discuss the theoretical interpretations of our results and derive our con-
clusions.
3.2 Observational data
The main purpose of the present work is to study in more detail the colour-EW diagram
using IFS observations. To do so we will select all the galaxies considered in Chapter 2 that
have been observed within the CALIFA collaboration1. This sample, we will refer to as
overlapping, fulfils all the selection criteria imposed in the previous work and that we now
briefly summarize.
All data used in Chapter 2 correspond to objects catalogued as galaxies by the spectro-
scopic pipeline (entries listed in table SpecObj) of the SDSS Data Release 7 (Abazajian et al.,
1http://califa.caha.es/
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FIGURE 3.3: Cartoon that illustrates the differences between the CALIFA FoV
(hexagon of 65′′×74′′) and the SDSS spectroscopic fibre (3′′), which is usually
centred on the brightest region. The CALIFA subsample used in the present
work covers a redshift range z ∼ [0.02−0.03] while the SDSS sample analysed
in Casado et al. (2015) was restricted to the redshift range z = [0.02− 0.07].
2009) database2. The sample is restricted in apparent magnitude mr < 17.5 to ensure that
every object with a similar-mass companion is properly identified, and limited to a region
of the sky (white square in Figure 3.2) to minimize boundary effects in the neighbour search.
We also imposed a redshift range 0.02 < z < 0.07, where the upper limit implies complete-
ness for absolute magnitude Mr < −20.0, and the lower redshift cut avoids local structure.
The final sample consisted of ∼ 82000 objects, for which several galactic properties were
derived (see Casado et al., 2015, for a detailed description).
The overlapping sample (galaxies common to both samples, yellow symbols in Figure 3.2)
consists of only 40 objects3. More than half of the ∼ 600 objects observed by the CALIFA
survey (red and green circles) lay outside the region of the sky considered in the work of
Chapter 2, and the size of the overlapping sample is further reduced when we impose the
same redshift range, since many of the CALIFA galaxies are located at z < 0.02. However,
it must be noted that the total number of spectra analysed is approximately the same as in
the previous work, since each datacube contains of the order of 2000− 2500 useful spaxels.
More precisely, we will consider COMBO CALIFA datacubes from the DR2 (see García-
Benito et al., 2015a).
The main advantage of using IFS data is that we can now investigate the spatial distribu-
tion of the star formation activity over a significant fraction of the total extent of our galaxies
(see Figure 3.3). For the narrow redshift range of our resolved sample, z ∼ 0.02 − 0.03, the
field-of-view covers up to ∼ 30 − 40 kpc, corresponding to up to ∼ 2.0 effective radii (Re)
in most cases.
3.2.1 Physical characterization
As we aim to reproduce, validate and extend the analysis conducted in Chapter 2 we will
again briefly outline how the sample was characterized in the previous work. We used
the absolute magnitude in the r band, Mr as a proxy for the stellar mass. To quantify the
environment in terms of the local galaxy overdensity we derived the projected distance to
the fifth nearest neighbour normalized to the average intergalactic distance r(z) . We also
made use of the visual morphology classification conducted by the Galaxy Zoo 1 citizen
science project (Lintott et al., 2008). Finally, the (u-r) colour (SDSS filters) and the equivalent
width of the Hα line were used as proxies of the specific star formation rate.
2http://cas.sdss.org/dr7/en/help/browser/browser.asp
3This is work in progress, and only 24 galaxies have been completely analysed so far
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In the present work we will use some of these values to characterize the global prop-
erties of the overlapping sample. Besides, the environmental characterization, R5/r¯, was
derived making use of the entire SDSS spectroscopic sample and was proven to be a robust
indicator of the local galaxy overdensity. Part of the present work will be devoted to the
comparison of the above mentioned proxies with available ancillary data derived within
the CALIFA collaboration (measurements for the environment, the mass and the morphol-
ogy, Walcher et al., 2014). The availability of integral-field spectroscopy data will allow us
to measure galaxy colours and the EW(Hα) with a better spatial sampling and size cover-
age. However, SDSS single-fibre measurements obtained in the work of Chapter 2 will also
be considered to illustrate aperture effects.
Figure 3.4 shows the location of the overlapping sample (SDSS values) in the EW(Hα)-
magnitude and colour-magnitude diagrams with respect to the SDSS sample considered in
Chapter 2. We can see that most of our objects show Hα in emission but with EW values
below 10 Å, i.e. our galaxies neither qualify as star-forming or passive according to the
information extracted from the SDSS fibre. We can also observe that most of them reside in
the “red sequence” (colour-magnitude diagram, bottom) and show Mr <-20, i.e. our sample
lacks low-mass objects (consistent with the CALIFA observational strategy) belonging to the
blue-cloud. Some of these properties are listed in Table 3.1.
Global properties
In Casado et al. (2015) we used the absolute magnitude in the r band, Mr, as a proxy for
stellar mass. However, the CALIFA collaboration has a stellar mass catalogue for its entire
dataset computed from the SDSS optical ugriz, GALEX UV, and 2MASS NIR growth curve
magnitudes using the prescription presented in Walcher et al. (2008). We consider this value
in our analysis (labelled as M∗,JW in Table 3.1), which is shown in Figure 3.5 to be in good
agreement with the proxy used in Chapter 2. The dashed lines in this plot delimit the
mass bins that we use in the following sections and highlight the limited mass range of our
sample.
As will be shown below, morphology is one of the global properties of a galaxy that
is most strongly correlated with its star formation history. In Chapter 2 we used Galaxy
Zoo morphological classification, according to which a large number the galaxies were as-
signed to the ‘unknown’ category. Given the correlation between SF and morphology, these
‘unknown’ objects are believed to represent a transition population, the most interesting
objects for exploring ageing and quenching processes.
We also make use of the morphological classification described in Walcher et al. (2014),
based on visual inspection of SDSS images in the r and i bands. This classification is avail-
able in the ancillary dataset and is in good agreement with the Galaxy Zoo I classification
(Lintott et al., 2008), as it can be seen in Figure 3.6. The number of objects considered in
the comparison plot is larger (137 objects) than that of the overlapping sample, as we are just
testing both classifications and no restrictions regarding environmental measurements are
needed. Figure 3.6 presents two colour maps comparing the two classifications. A clear con-
clusion is that early-types and late-types are consistently classified in both schemes while
S0’s, S0a’s and Sa’s are more difficult to identify, giving rise to the ‘unknown’ population.
We further bin our sample into five different groups based on Walcher et al. (2014) morpho-
gies: early types (E0-E7), lenticulars (S0-S0a) , early-spirals (Sa-Sab), Sb’s and late-spirals
(Sbc-Sd). Our goal is to arrange our sample in order to study (in the following sections) the
relation between morphology and the global location of our objects in the colour-equivalent
width diagram.
Finally, we have used R5/r¯, the normalized distance to the fifth ‘spectroscopic’ neigh-
bour, as a proxy to characterize the environment (see Chapter 2 for a detailed description).
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CALIFAID NAME Morpho(Zoo) R5/r¯ MGVM M∗,JW Mr
500 UGC07145 Sbc (L) 0.6181 11.72 10.24 -20.93
581 UGC08004 Scd (L) 1.5178 11.42 9.84 -20.45
665 UGC08781 Sb (L) 0.1990 12.79 10.87 -22.00
789 NGC5888 Sb (L) 0.5634 13.11 11.16 -22.47
278 UGC05108 Sb (L) 1.5972 12.41 10.77 -21.79
774 UGC09537 Sb (L) 1.9823 12.76 11.10 -22.27
307 UGC05359 Sb (L) 2.1304 11.96 10.50 -21.36
319 NGC3160 Sab (L) 0.2764 13.81 10.81 -21.20
311 NGC3106 Sab (L) 0.4976 12.65 10.99 -22.08
785 UGC09711 Sab (L) 0.5518 12.34 10.75 -21.09
381 IC0674 Sab (L) 1.8640 12.35 10.75 -21.87
386 UGC06312 Sab (L) 2.1968 12.34 10.93 -21.45
776 UGC09539 Sab (U) 2.4797 12.03 10.67 -21.21
314 UGC05498NED01 Sa (L) 1.4075 12.12 10.66 -20.95
340 NGC3303 S0a (U) 0.2778 12.26 10.87 -19.92
613 UGC08322 S0a (U) 0.7570 12.68 11.02 -21.83
728 IC0994 S0a (U) 0.6237 13.69 10.99 -21.80
360 NGC3406NED01 S0 (U) 0.1955 12.53 11.20 -21.90
730 NGC5549 S0 (E) 0.3503 13.82 11.31 -22.72
782 UGC09629 E7 (U) 2.2966 12.52 10.98 -21.85
773 UGC09518 E6 (E) 0.4260 13.10 11.20 -22.49
341 UGC05771 E6 (E) 1.5025 12.76 10.92 -21.94
387 NGC3615 E5 (E) 0.2877 13.14 11.34 -22.42
318 NGC3158 E3 (U) 0.1308 13.81 11.62 -22.79
225 IC2407 Sbc (L) 2.3039 11.74 10.32 -20.50
714 UGC09067 Sbc (L) 1.0695 13.12 10.40 -21.60
719 NGC5519 Sb (L) 1.4250 11.86 10.61 -21.68
735 UGC09199 Sb (L) 1.6813 12.08 10.62 -20.98
610 UGC08267 Sb (L) 0.7792 12.08 10.64 -21.03
624 NGC5157 Sab (L) 1.0917 12.54 11.00 -22.24
772 UGC09492 Sab (L) 1.9160 12.65 11.08 -22.09
593 UGC08107 Sa (U) 1.1332 12.76 10.94 -21.91
364 UGC06036 Sa (L) 1.0031 12.50 10.99 -21.55
520 NGC4211NED02 S0a (U) 0.8635 12.27 10.10 -20.10
479 NGC4003 S0a (L) 1.3522 12.46 10.95 -21.69
562 IC3598 S0 (U) 0.9469 12.32 10.85 -21.63
612 NGC5029 E6 (E) 0.3656 13.44 11.29 -22.69
726 NGC5532 E4 (E) 0.1615 13.69 11.44 -23.11
781 IC1079 E4 (E) 0.2906 13.49 11.31 -22.37
727 NGC5546 E3 (E) 0.2458 13.82 11.36 -22.73
TABLE 3.1: Overlapping sample: galaxies analysed in Chapter 2 included in
the CALIFA survey. “CALIFAID” corresponds to the label assigned by the
CALIFA collaboration, and “NAME” corresponds to the NGC, UGC, or NED
catalogue. “Morpho” refers to the visual morphological classification con-
ducted by Walcher et al. (2014); the letter in parenthesis corresponds to the
classification (Early-type, Late-type, Unknown) of the Galaxy Zoo I project
(Lintott et al., 2008). “R5/r¯” is the environmental characterization performed
in Chapter 2, and “MGVM” correspond to the group virial mass in Yang et
al. (2007) (log10(M/h)). M∗,JW corresponds to the stellar mass derived by
Walcher et al. (2008) (log10(M), and Mr is the modelmag magnitude in the r
band obtained from the SDSS DR7 database. The table is divided in 2 parts
by a solid horizontal line indicating the sample presented in this work (top)
and the galaxies whose analysis is still in progress (bottom).
















































FIGURE 3.4: Location of the overlapping sample (40 objects) in the EW(Hα)-
magnitude and colour-magnitude diagrams. The contours are the same as
in Casado et al. (2015), corresponding to the location of the SDSS-based sam-
ple. The colour code corresponds to the morphological bins we define in
Section 3.2.1 following the Walcher et al. (2014) classification.
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FIGURE 3.5: Plot comparing the total stellar masses estimated using growth
curve magnitudes from SDSS, GALEX and 2MASS (M∗,JW, Walcher et al.,
2008) with the model absolute magnitude in the r band (Mr, proxy used in
Chapter 2) for the entire overlapping sample. The colour code is the same as
in Figure 3.4. Spearman’s rank correlation coefficient, rs = 0.881, is quoted in
the top left corner. Different symbols differentiate between already (triangles)
and not yet (circles) analysed. Dashed lines delimit the mass bins used in
Figures 3.11 and 3.12.
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FIGURE 3.6: Morphological classification of the 137 objects in both the CAL-
IFA mother sample (not all of them were observed) and Casado et al. (2015),
comparing the results of the Galaxy Zoo 1 citizen science project (Lintott et
al., 2008) used in Chapter 2 and the visual classification performed for the
CALIFA survey (Walcher et al., 2014).
The work conducted by Walcher et al. (2014) characterizes the environment of the CALIFA
galaxies using several indicators. In the present work we will compare our proxy, R5/r¯,
with the estimation for the group virial mass computed from the SDSS group catalogue cre-
ated by Yang et al. (2007). These authors used a group finder to determine group member-
ship and halo masses within the SDSS DR7 sample of galaxies. Their algorithm iteratively
identifies potential group members, determines a characteristic luminosity for the defined
group, and estimates the mass, size and velocity dispersions of the dark matter halo. To do
so, it assumes a group mass-to-light ratio adjusted at every iteration, and the group mem-
bership is updated until convergence. This value is listed as ‘group virial mass’ in Table 3.1
together with R5/r¯, and Figure 3.7 shows their good agreement. This figure also illustrates
how we will make use of both proxies to characterize the environment. Galaxies in “dense”
environments (bottom-right dashed box) show R5/r¯< 0.75 and MGVM > 12 − 75, while
“field” ones depict R5/r¯> 1.75 and MGVM < 12.5. The rest are classified as “intermediate”.
Our galaxy classification according to global properties is illustrated in Figure 3.8, where
SDSS postage-stamp images are grouped in terms of morphology and environment. Our
sample covers all possible combinations except very isolated (field) early-type galaxies and
late spirals in any extreme environment. The latter is mostly due to our lower redshift cut,
which excludes the vast majority of the (already few) low-mass objects observed by CAL-
IFA (in fact, we barely have a handful objects below 1010.6 M). Due to the well-known
correlation between mass and morphology (see Chapter 1), this implies that the latest mor-
phological types are severely underrepresented in our overlapping sample.
Local properties
To measure the intensity of the nebular emission lines in a given spectrum and simultane-
ously account for stellar absorption, we use STARLIGHT (Cid Fernandes et al., 2005), which
models the spectral energy distribution of the underlying stellar population by fitting the
observed spectrum with a linear combination of single stellar populations spanning differ-
ent ages and metallicities. We use the the spectra provided by Vazdekis et al. (2010) for
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FIGURE 3.7: Comparison between the group virial mass MGVM derived by
Yang et al. (2007) and the overdensity R5/r¯ measured by Casado et al. (2015)
for our overlapping sample. Colours and symbols are the same as in Figure 3.4.
Dashed-line boxes correspond to our definitions of “dense” (bottom-right,
R5/r¯< 0.75 and MGVM > 12 − 75) and “field” (top-left, R5/r¯> 1.75 and
MGVM < 12.5) environments used in Figures 3.8, 3.9, 3.10, and 3.11.
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FIGURE 3.8: SDSS postage-stamp images of the analysed sample. Thick
solid lines correspond to the bins in morphology (rows) and environment
(columns) discussed in Section 3.2.1. The arrangement of the galaxies within
each box is arbitrary.
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populations older that 64 Myr and González Delgado et al. (2005) models for younger ages.
Dust effects are modelled as a foreground screen, assuming a Cardelli, Clayton, and Mathis
(1989) reddening law with RV = 3.1. Then, we subtract the estimated stellar continuum
from the observed spectrum and obtain the line flux with the SHerpa IFU line fitting soft-
ware (SHIFU; García-Benito, in preparation), based on CIAO’s SHERPA package (Freeman,
Doe, and Siemiginowska, 2001; Doe et al., 2007). Small deviations with respect to the stellar
continuum are taken into account by a first order polynomial, and independent Gaussians
have been fitted for the emission lines.
To obtain the surface brightness and the different galaxy colours we convolve the spectra
in every spaxel with broad band filters from the SDSS. Maps of the surface brightness in the
r band are plotted in Figure 3.9 for each of our galaxies, and we will use this quantity as
a proxy for the local environment. In general, high values of the surface brightness can
only be reached in the innermost part, close to the galactic centre, whereas low values are
representative of the outskirts. As a rule of thumb, an SDSS r-band surface brightness of
the order of 22 mag/arcsec2 roughly corresponds to one effective radius, Re. Physically,
surface brightness traces the local density, and it seems reasonable to expect that higher
values are associated to shorter timescales and a more efficient conversion of gas into stars.
According to this argument, the central parts should be more “chemically evolved” than
the outer regions, consistent with the inside-out galaxy formation scenario.
Besides the flux and equivalent width of the Hα line, we also estimate the fluxes corre-
sponding to the other three emission lines involved in the BPT diagram (Baldwin, Phillips,
and Terlevich, 1981), Hβ, [OIII] and [NII], in order to briefly discuss in Section 3.4.1 the
possible connections with the trends observed in the resolved colour-equivalent width dia-
gram.
3.3 Results
The resolved colour-equivalent width diagrams of all our galaxies are shown in Figures 3.10,
3.11, and 3.12, arranged by groups of morphology and environment, environment and
mass, and mass and morphology. Each panel depicts one galaxy. A black solid line indicates
the contour containing 90% of the spaxels, compared to the contour (grey line) obtained
for the ∼ 82500 SDSS galaxies (3′′ fibres) in Chapter 2. The overall contour, considering
all CALIFA objects together, is shown by the solid black line in the example panel at the
bottom-right of Figures 3.10 and 3.11 (bottom-left in Figure 3.12).
A first remarkable result is that these contours mostly overlap, i.e. the vast majority of
CALIFA measurements are enclosed within the same boundaries defined by the SDSS 90%
contour. This is important, as it suggests that the physical processes driving the ageing of
galaxies within the 3′′ aperture of SDSS observations extend to the regions covered by the
FoV of CALIFA observations (up to∼ 30 kpc in our sample), and it is consistent with a com-
mon physical mechanism driving the “ageing” of galaxies both in the brightest central parts
typically targeted by the SDSS fibres as well as in the much fainter outskirts considered in
this follow-up work.
As we have seen in Chapter 2, different objects may present different stages of the “age-
ing” process. However, at variance with the SDSS data, IFS observations reveal that the
location in the colour-equivalent width diagram of all the regions within a single object
is typically not concentrated, but broadly extended along the “ageing sequence”. This re-
sult strengths the hypothesis of “ageing” being a very local process, and it emphasizes the
relevance of considering aperture effects when dealing with SDSS data.
In order to evaluate the effect of the aperture bias associated to the SDSS data, four extra
measurements are included in every panel of Figure 3.10: the values derived from the SDSS
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FIGURE 3.9: Surface brightness maps (SDSS r-band, synthesised from the
CALIFA data) for all the analysed sample. Colour bins correspond to the
colour-code of the contours in Figures 3.10, 3.11, and 3.12. Black ellipses in-
dicate 1 and 2 effective radii, Re.
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FIGURE 3.10: Colour-equivalent width diagram (Casado et al., 2015) on re-
solved scales, with individual galaxies arranged by morphology (rows) and
environment (columns). Black contours enclose 90% of the spaxels in each
galaxy, while coloured ones correspond to 60% of the spaxels within the sur-
face brightness bins defined in Figure 3.9. The grey contour in every panel
corresponds to 90% of the SDSS sample considered in (Casado et al., 2015),
also plotted in the larger example panel at the bottom-right (the black contour
in that panel showing the result for all the CALIFA galaxies together). In each
individual panel, the red ‘x’, red plus sign, blue plus sign, and green plus sign
represent the MPA-JHU SDSS measurement, our derived value for the SDSS
spectrum, the nuclear spectrum, and the integrated spectrum, respectively




































































































































































































FIGURE 3.11: Plot identical to Figure 3.10, but arranged based on morphol-
ogy and stellar mass.























































































































































































FIGURE 3.12: Plot identical to Figure 3.10, but arranged based on environ-
ment and stellar mass.
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spectra by the MPA-JHU (red ‘x’) and STARLIGHT plus SHIFU (red plus sign) pipelines, the
‘nuclear’ values corresponding to brightest central spaxel at λ = 5635Å(blue plus sign)
and the integrated value for the whole galaxy (green plus sign). The results show that
SDSS measurements typically correspond to CALIFA nuclear values, usually located in the
reddest extreme of the area covered by the object in the colour-EW diagram. Thus, they
poorly represent the overall evolutionary state of the galaxy along the “ageing sequence”.
As an example, spiral objects from Scd to Sa morphologies display SDSS measurements that
would qualify them as intermediate or passive galaxies, i.e. showing very little or no star
formation. On the contrary, the present analysis of CALIFA IFS data shows that the vast
majority of the regions in these objects are actually forming stars, showing much higher Hα
equivalent widths and bluer colours, and therefore they should be classified as star-forming
galaxies. As a matter of fact, none of the galaxies in the overlapping sample is completely
quiescent, and all of them do display Hα emission in the outer parts.
Aperture effects are certainly a major concern. The black ellipses in Figure 3.9 show that
almost every object in our sample is observed up to ∼ 2Re, which is one of the main ad-
vantages of the CALIFA survey. Forthcoming surveys such as MaNGA (Bundy et al., 2015)
will offer a much larger sample (∼10.000 nearby galaxies) carefully selected to consistently
cover stellar masses from M∗ ≥ 109 M with roughly flat stellar mass distribution. How-
ever, their spatial coverage will still be limited, reaching only up to ∼ 1.5Re for 67% of the
targets (primary sample). Our study highlights the fact that the outskirts of galaxies can be
very different from their inner counterparts, reinforcing the need of a wide spatial coverage
in this kind of studies.
When we consider Figure 3.10 in combination with Figure 3.9, we can identify the trends
observed in surface brightness as “radial” trends. The central parts of the objects (higher
surface brightness) show redder colours and lower Hα equivalent widths (most of them in
absorption). Whichever physical mechanism is driving the “ageing” of galaxies, it behaves
in an inside-out fashion. This result is not new. However, CALIFA data show that the
transition between the centre and the outer parts of galaxies is continuous in the colour-
equivalent width diagram. Such radial trend is present for every galaxy in our sample
(although it is most obvious among Sb, Sab, and Sa galaxies), and it supports the idea that
“ageing” is a universal mechanism affecting all galaxies of all types over their entire extent.
In particular, this process is not restricted to galaxies undergoing a transitional process from
a “star-forming” to a “passive” state, but it is the normal mode of evolution throughout
cosmic history. We do not find evidence for any sort of bimodality on resolved scales.
Although “ageing” seems to proceed faster in high stellar density regions, which ar-
guably favour the accretion and consumption of gas, we do not find a universal relation
between evolutionary state and local surface brightness. Quite the contrary, our results
demonstrate that the resolved colour-equivalent width diagrams show a wide variety of
distributions, even at fixed surface brightness. While the regions of the two late spirals
(top row) are narrowly located along the “chemically-primitive” part of the sequence, ob-
jects classified as lenticulars (S0a and S0) and ellipticals predominantly gather near the
“evolved” end, showing most of their Hα in absorption. The rest of the objects (Sb’s, Sab’s
and Sa’s) show a “mixed” distribution in the diagram (elongated across the colour-EW
plane), compatible with some parts of them actively forming stars, some other with negli-
gible star formation, and the vast majority showing mild activity (with 0 <EW(Hα)< 10 Å)
and intermediate colours. If the secular conversion of gas into stars (ageing) is the main
driving mechanism of the evolution of a galaxy,it should not be surprising to find these
continuous distributions in the colour-EW diagram, i.e. the existence of this population of
“mixed” galaxies (which, in fact, dominate our sample, and are not unlike our very own
Milky Way) must be fairly common in the universe.
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3.4 Discussion
3.4.1 Local versus global properties
One question we try to assess by comparing Figure 3.10 with Figures 3.11 and 3.12 (they
show exactly the same results, arranged in a different fashion) is the relative importance of
local properties (surface brightness) with respect to global ones (morphology, environment
and mass) in driving the observed distribution in the colour-equivalent width diagram.
We argued before that local processes, traced by the surface brightness, may play an
important role in controlling the process of “ageing” in galaxies. The distributions in the
colour-EW diagram are elongated, and they present radial trends consistent with the inside-
out galaxy formation scenario. Nevertheless, when we consider the shape of the contours
of these objects in the “ageing diagram”, it seems that they correlate more strongly with
morphology or environment (global properties) than they do with surface brightness. Fig-
ures 3.10, 3.11, and 3.12 suggest that galaxy morphology is probably the global property
that is most strongly correlated with the location of the contours in the diagrams. Once
the morphological type is set, it is not clear whether it is mass or environment that plays a
major role. Objects with higher masses and/or living in denser environments show redder
colours and lower EW(Hα). At the end, our three global properties are known to correlate
with each other, and it is thus complicated to determine which one of them is driving the
other. In any case, our results seem to support a scenario where global properties determine
the evolution of the galaxy as a whole, whereas it is the local properties (in particular, mass
density) that determine how such evolution takes place within the system.
Another possible “local” process that has been proposed to play a major role in driving
galaxy evolution is the presence of an Active Galactic Nuclei (AGN). The vast amounts
of energy that these physical processes generate, despite their small size and location,
have been suggested as relevant feedback mechanisms and serious candidates for plausible
quenching in galaxies. For this reason we have created resolved BPT diagnostic diagrams
(Baldwin, Phillips, and Terlevich, 1981) for every one of our objects (see Figure 3.13) in or-
der to study the possible AGN origin of the observed “ageing” trends. While there is no
clear correlation, this figure suggest that there might be a trend concerning the location of
the contours and the morphology of the object, supporting the results of the previous sec-
tions. We can see that the late spirals of the first row are the only objects whose regions
are neatly located in the star-forming part of the BPT diagram (dashed line corresponds to
Kewley et al., 2006, criteria). As we consider the other spirals in our sample (Sb’s, Sab’s
and Sa’s), we move to the LINER-like/AGN part of the diagram. Finally, lenticulars and
ellipticals are almost entirely located in this part of the diagram, even considering that their
measurements display a lot of scatter.
3.4.2 The variety in the “ageing” diagram
In the previous chapter we interpreted the existence of a narrow distribution in the colour-
EW diagram (grey contours in Figures 3.10, 3.11, and 3.12) as a signature of a dominant, sec-
ular evolutionary mode in galaxies acting on timescales of the order of ∼Gyr. We also pro-
posed that any change in the star formation taking place on shorter timescales (. 300 Myr),
i.e. a rejuvenation or quenching episode, would lead to a steeper trend in the diagram, as it
would modify the EW(Hα) much faster than it would alter the colour (see Figure 3.1).
We found little evidence of quenching in the SDSS sample, always associated to ob-
jects that display early and unknown morphologies located in dense environments. How-
ever, the results of the present work show that only the two objects classified as late spi-
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FIGURE 3.13: BPT diagram (Baldwin, Phillips, and Terlevich, 1981) of the
analysed sample colour-coded following the bins in surface brightness of Fig-
ure 3.9. Contours follow the same colour criteria described in Figure 3.10.
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timescales. The rest of the spiral population (Sb’s, Sab’s and Sa’s) often depict steeper trends
that would be compatible with faster evolution (not necessarily quenching, which would
occur on an even shorter timescale), hinting that there may be different “ageing” tracks. The
objects susceptible of undergoing a “rapid” ageing tend to show steeper trends in the green
and orange contours (i.e. surface brightness between 20 and 22 mag/arcsec2), and these
show up in galaxies with late-type morphologies (Sb’s), for which most of their regions are
still forming stars. Objects with “earlier morphologies” (in particular, lenticulars: S0a’s and
S0’s) seem to have finished such evolutionary phase, as the vast majority of their spaxels
are located in the evolved end of the “ageing sequence”.
Unfortunately, the sample considered is too small (and the scatter is too large) to derive
any strong conclusion on the universality of the “ageing sequence”. Nevertheless, it is clear
that, once again, the physical process(es) that we are observing seem to be driven by (or at
least depend on) local properties, while simultaneously there is an evident correlation with
morphological type. All our results combined are compatible with the idea of strangula-
tion and/or rapid gas exhaustion in some galaxies. If gas accretion is interrupted, or is less
efficient, one would expect that galaxies “age” more rapidly as they consume their remain-
ing gas. This would explain the observed steeper trends and the inside-out effect. Other
mechanisms, such as ram-pressure stripping, would lead to a more significant decrement
of the star formation activity in the outer part, which is completely inconsistent with our
results, and can therefore be confidently ruled out. Whether galaxy morphology is driving
the process or a consequence of it is also an important (but yet unsolved) question.
3.5 Summary and Conclusions
We now summarize the results of this work:
• The characterization of the SDSS sample conducted in Chapter 2 relative to the mor-
phology, mass and environment, is consistent with other estimators in the literature
used within the CALIFA collaboration (measurements of group properties, derivation
of stellar masses, and visual morphological classifications obtained from Yang et al.,
2007; Walcher et al., 2008; Walcher et al., 2014).
• Aperture effects are large and terrible misleading when considering the position of an
object in the colour-equivalent width diagram. The original sample used Chapter 2,
based on SDSS fibre measurements, is not only poorly representing galaxies in terms
of coverage (this we knew) but is seriously biased. One can find examples in which
more than 90% of the area covered by CALIFA observations (∼ 2Re) populates the
star forming region of the ‘ageing’ diagram, while the SDSS fibre points at the passive
bulge located at the red end of the sequence.
• Galaxies ‘age’ on resolved scales and over their entire extent. Although surely affected
by scatter, most of the spaxels considered for all objects fall within the 90% contour
obtained for the SDSS sample. The low number statistics and the lack of completeness
of our overlapping sample do not allow us to derive a new locus for a “resolved ageing
sequence”. Actually, we find marginal evidence that there may be different paths
through the colour-equivalent width diagram, although it is difficult to demonstrate
due to the large amount of scatter.
• The distribution of the entire population (spaxels) of each object in the colour-EW
diagram depends mainly on its morphology, as well as (secondarily) on mass and
environment. Spaxels/regions of isolated late-type objects populate the star-forming
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part of the sequence, while early-types dominate the its evolved, red end. The “inter-
mediate” objects (Sb’s, Sab’s and Sa’s) show in some cases a steeper trend compatible
with a faster evolutionary stage.
• Most trends observed in the resolved “ageing” diagram present a radial dependence
(as interpreted from the surface brightness dependence). This result suggests that,
whichever the physical mechanism responsible for driving the process of ageing, be-
haves in an inside-out fashion. In order to investigate the plausible AGN origin of
such behaviour, we have explored the distributions of the different regions of our ob-
jects in the BPT diagram. Their location depends strongly on morphology, reinforcing
the previous result. However, there is no clear evidence that favours the AGN origin
of the radial trends.
This follow-up work reinforces the proposed “ageing” scenario proposed in Chapter 2,
suggesting that it is a universal process (unavoidable) affecting objects of all morphological
types and to their entire extent, from the bright bulges and star forming regions (typically
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4.1 Introduction
One of the basic problems in astronomical data analysis is the characterization of spatially-
resolved information and the measurement of physical properties (and their variation)
across extended sources. As illustrated in the previous chapters, a coherent and consis-
tent treatment of our datasets is of paramount importance for this thesis work, as we make
use of spatially-resolved data and specially focus on low signal-to-noise one.
A key result of the work presented in Chapter 2 is that we must avoid (or at least be very
careful with) the imposition of any kind of signal-to-noise (hereafter S/N) threshold, as it
may erase valuable information. Specially important is the case of the colour-equivalent
width diagram depicted in Figure 2.7, where the imposition of a minimum S/N criteria
will lead to the disappearance of the “ageing sequence”. In the follow-up work covered in
Chapter 3 we extend the analysis of the “ageing” process using Integral Field Spectroscopy
data in order to circumvent the “aperture bias” affecting SDSS one (see Section 2.2.3). How-
ever, although we solve the aperture problem by considering a wider field-of-view, we
include a new one that has to do with the characterization of low S/N data. SDSS fibres are
known to point to the brightest areas in galaxies. These are usually located in the bulges or
SF regions of these objects and generally depict high S/N values (the higher the intensity,
the lower the relative S/N). As we extend our analysis to the outer and, in general, fainter
regions of some of these systems (see Section CALIFA survey) we include low S/N data
and potentially add severe noise to our study. A standard way to tackle this issue (to re-
duce the noise) is to bin our spatially resolved dataset into larger regions. This coaddition
will increase the signal-to-noise. Unfortunately, it will simultaneously lead to an obvious
loss in spatial resolution and, if done carelessly, a more than likely loss of the information
available in the unbinned data. In conclusion, our work requires a specific tool that allows
to properly study low S/N IFS data, characterize it and reduce, if possible, the noise of any
derived analysis. However, in this chapter we aim to assess a much bigger question, which
is:
How can we perform a careful tessellation of our dataset that does not lead to the loss of
information?
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The problem of source identification and characterization is certainly not new among
astronomers. In fact, it was very early in the history of astronomy that this kind of tasks
became increasingly demanding as new observations started to provide larger and larger
amounts of data, prompting the need for a certain level of automation. Many current and
forthcoming datasets are so vast that a significant part of the analysis is left entirely to
computer programs.
One of the first instances of such application is the identification of (potentially extended
and/or blended) sources in photometric images. Since the advent of large extragalactic
surveys in the late 70’s, a wide variety of techniques have been developed in order to auto-
matically create source catalogues from astronomical images (e.g. Stetson, 1987; Bertin and
Arnouts, 1996; Makovoz and Marleau, 2005; Savage and Oliver, 2007; Molinari et al., 2011;
Hancock et al., 2012; Men’shchikov et al., 2012, among many others).
The emergence of Integral-Field Spectroscopy (IFS) has literally added a new dimension
to the problem. Spatial and spectral information are now combined in order to locate the
sources (see e.g. Koribalski, 2012, and references therein, in the context of radio observations
of the 21-cm line), or even tackle specific scientific problems beyond source detection. In
the past years, many algorithms have been designed to compute and characterize maps that
trace the spatial distribution of a given physical quantity such as e.g. the temperature and
composition of the hot intracluster medium (Sanders and Fabian, 2001; Diehl and Statler,
2006), the properties of the stellar population in early-type galaxies (Cappellari and Copin,
2003), the moments of the velocity distribution along the line of sight (Krajnovic´ et al., 2006),
or the emission of warm ionized gas and HII regions in galaxies (; Sánchez et al., 2012c;
Sánchez et al., 2016b). Most of these tool perform a spatial segmentation of an image (or
an IFS datacube) as first step of their analysis, as they usually require a minimum S/N in
order to carry out meaningful measurements. The of binning schemes used to this purpose
are mostly either based on a Voronoi tessellation (e.g. Sanders and Fabian, 2001; Cappellari
and Copin, 2003; Diehl and Statler, 2006) or rely upon the identification of suitable intensity
thresholds (e.g. Stetson, 1987; Bertin and Arnouts, 1996; Sánchez et al., 2012c). Surprisingly,
none of them considers the plausible loss of information. Only the recent code developed
by Sánchez et al. (2016b), also aiming to obtain a tessellation with a target S/N, imposes a
‘continuity’ requirement slightly equivalent to a morphological “signal-saving” criterium.
We have already argued that carelessly averaging over too large area may (in some cases,
strongly) bias the results and their physical interpretation if the signal within the chosen
region is not homogeneous. Hence, none of the tools available in the literature (very few of
them are actually accessible) suited our purposes.
For this reason, in this chapter we present an alternative binning approach that is not
aimed to obtain a specific S/N but to identify spatial regions where the signal is statistically
consistent with being constant within the provided errors: if two regions carry the same
information, it will always be advantageous to merge them in order to (further) increase the
signal-to-noise ratio; if they are ‘different’ (do not carry the same information), they should
be kept separate in order not to introduce artificial biases. Such prescription preserves the
information contained in the input dataset, and it imposes no condition on the shape of the
tessellation. At the same time, it is extremely general, and it can be applied to any kind of
spatially-resolved data.
In the following sections we will describe the mathematical basis of the method and
the details of the algorithm and its implementation. We will also present and analyse the
results of applying our tool to a set of benchmark problems. Finally, we will summarize our
conclusions and present several scientific case applications includying, not only results for
the “ageing sequence” analysis covered in Chapters 2 and 3 but some other plausible uses
of our algorithm.
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4.2 Mathematical formulation of the problem
BATMAN (Bayesian Technique for Multi-image Analysis) is a new binning scheme de-
signed to perform an adaptive segmentation on a three-dimensional dataset that serves
as inceptive step for its further analysis. We will refer to these sets as ‘datacubes’ or ‘multi-
images’ along the chapter, as they consist of an arbitrary number (nλ ‘layers’ or ‘wave-
lengths’) of spatially-arranged two-dimensional data (individual ‘images’ or ‘maps’). We
will focus on IFS data throughout this work, and we will use the term ‘spaxel’ to denote
the individual and minimum spatial element of a dataset. However, the procedure can be
applied to any set of images, or to any kind of spatially-distributed data. In particular, the
algorithm can also be applied to a single image (i.e. single-‘layer’, 2D dataset) in what we
will refer to as ‘monochromatic’ binning mode.
More precisely, BATMAN works on an input datasetD = {X,E} consisting of two nrow×
ncol multi-images X and E, with N = nrow × ncol spaxels each, whose spatial positions we





associated to its spatial location, where i = [1, nrow], j = [1, ncol], and λ = [1, nλ]. Different
‘layers’ may correspond to broad-band observations of the same object, different wave-
lengths in an IFS datacube, or even maps with completely different information (e.g. mass
surface density, velocity, velocity dispersion, age, metallicity, equivalent width, etc).
The goal of the algorithm is to divide the input dataset into spatially-connected ‘re-
gions’ that carry the same information, i.e. where all the measurements xijλ are statistically
compatible with being random samples of the same underlying signal Sijλ given the Gaus-
sian errors eijλ. In the current implementation, BATMAN makes use of Bayesian statistics
to connect adjacent spaxels into ‘regions’ (and merge adjacent regions into larger ones) as
long as it is more likely that the true values of the measured quantities (the ‘signal’) are con-
stant within the merged region (Sijλ = θrλ ∀{i, j} in region r) than a collection of several
independent domains with different values. More elaborate (e.g. quadratic) models of the
underlying signal may be considered in future versions of the code.
Thus, the output dataset is an optimized ‘segmentation model’ M = {R,Θ} consisting of
nreg connected regions (with every spaxel {i, j} assigned to the region rij) where the signal




with r = [1, nreg]. R refers thus to the tessellation of the image, fully specified by a nrow×ncol
matrix containing the labels rij assigned to every spaxel, and Θ corresponds to the set of
nreg × nλ parameters θrλ used to describe the signal.
According to the frequentist approach, the best segmentation model would be given
by the values of R and Θ that maximise the likelihood, i.e. the probability of obtaining the
measurements X , given the errors E and the nreg regions specified by R and Θ. The model
proposed for this work assumes that the observed values xijλ are statistically-independent
random variables, with Gaussian probability distributions whose dispersions are given by
the errors eijλ while their means θrijλ are to be determined. With these considerations, one
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where the second product in the last term simply loops over the spaxels in a given region.
Within the Bayesian framework BATMAN is based upon, the approach is slightly differ-
ent, and it comprises several additional ingredients. One must declare not only a likelihood
for the data given the model, but also a prior probability distribution pi(R,Θ) of the model
parameters. The construction of the prior pi is based on our previous knowledge about the
problem, and it will certainly affect the inferences we obtain from our data. As an example,
it could favour certain tessellations (roundish bin shapes, such as in Cappellari and Copin,
2003; Sánchez et al., 2012c; Sánchez et al., 2016b) or avoid/penalize unphysical values (e.g.
negative values of the signal).
The Bayesian approach combines the prior with the likelihood of observing the mea-
surements X (making use of Bayes’ theorem) to compute the posterior probability distribu-
tion of the model parameters
p(R,Θ|D) = pi(R,Θ) p(X|E,R,Θ)E(M) (4.4)
The Bayesian evidence for our segmentation model M




pi(R,Θ) p(X|E,R,Θ) dΘ (4.5)
is the sum over all possible tessellations R and signal values Θ, and it can be considered as
the overall probability of observing the measurementsX , given the errors E, assuming that
our model provides an accurate description of the data (in frequentist terms, the likelihood
of model M ). The expected values of the model parameters and their uncertainties can be
computed from the posterior probability distribution (4.4).
In BATMAN, the problem of image segmentation is split in two parts:
1. the estimation of the signal distribution Θ given a fixed segmentation R
2. the further selection of the most probable tessellation
The exact procedures followed to solve the respective Bayesian parameter estimation
and model selection problems are discussed in the following sections.
4.2.1 Parameter estimation
Given a fixed tessellation R, BATMAN will evaluate the posterior probability distribution
p(Θ|R,D) describing the signal θrλ in every region r at every wavelength λ.
Following a Bayesian procedure, we first assume that the measurements X are de-
scribed by the Gaussian likelihood function (see Eq. 4.3). Then, as we do not expect any
specific distribution for the values of θrλ ∈ Θ, we have adopted a uniform (sometimes
referred to as ‘noninformative’ or ‘objective’) prior. The uniform probability distribution
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assigns equal probability to all values of the parameter, reflecting our initial ignorance. In
order to obtain a proper prior, for which the total probability is normalized to unity (in con-
trast to an improper prior, where the integral diverges to infinity), the possible values of the
signal θrλ are restricted to a finite range of values:
pi1(θrλ) dθrλ =
1
Hλ − Lλ dθrλ
Lλ < θrλ < Hλ
(4.6)
where upper and lower limits Hλ and Lλ correspond to the highest and lowest values mea-
sured at that particular wavelength, anywhere within the image (i.e. the maximum and
minimum xijλ over i and j for a given λ).
From a practical point of view, this prescription automatically selects a reasonable range
for the signal (irrespective of e.g. measurement units in the different layers of the multi-
image), but, from a strict Bayesian perspective, one may object that we have actually looked
at the data in order to set our prior. In order to generalise expression (4.6), we introduce nλ















Lλ −∆λ < θrλ < Hλ + ∆λ
(4.7)
where ∆λ = 1−kλ2kλ (Hλ − Lλ). The choice kλ = 1 results in equation (4.6), whereas kλ = 0
would yield the improper prior−∞ < θrλ <∞. Thus, the value of kλ provides a qualitative
indication of the weight given to the information contained in Hλ and Lλ.
Using Bayes’ theorem, the posterior probability distribution for the signal is given by
p(Θ|R,D) dΘ = pi(Θ) p(X|E,R,Θ)E(R) dΘ (4.8)
where p(X|E,R,Θ) is the likelihood defined in equation (4.3), and the evidence for the
tessellation R can be expressed as
E(R) = p(X|E,R) =
∫
pi(Θ) p(X|E,R,Θ) dΘ (4.9)
Since we have adopted a uniform prior, and our model likelihood is a product of nrow×
ncol × nλ Gaussians, it is easy to verify1 that the posterior probabilities































≡∑i 1σ2i and µ ≡ σ2∑i µiσ2i .










for any value of the prior parameters kλ.
In other words, the expected value µrλ of the signal within any given region r reported
by BATMAN (and the associated ‘formal errors’ σrλ) are obtained from an inverse-variance
weighted average over the region.











































































Once we obtain the evidence E(R) for any tessellation R and the posterior probability dis-
tribution of the recovered signal Θ associated to R, we face the question of selecting the
‘optimal’ segmentation that is most likely to describe our dataset. This is the second time
we apply a Bayesian approach to our dataset, but two main differences exist with respect
to the parameter estimation problem described in the previous section:
1. the set of all possible tessellations is discrete, whereas the values of the signal are
continuous variables
2. we will require BATMAN to select one and only one ‘optimal’ tessellation rather than
a probabilistic description (which is, as we will discuss later, not ‘strictly Bayesian’).
Except for these two differences, the Bayesian approach to model selection is very simi-
lar to parameter estimation: first, we must specify our priors pi(R) and then combine them
with the appropriate likelihood P (X|E,R) in order to obtain the posterior probability dis-
tribution P (R|D) from Bayes’ theorem.
We have no preliminary information relative to the preferred tessellations, and BAT-
MAN will not impose any geometrical constraint (e.g. roundness) other than ensuring that
all the regions defined by the matrix rij are physically connected. It is however foreseen
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that some practical applications of the algorithm may have preference for a larger or smaller




where kR is to be defined by the user. The value kR = 1 corresponds to the improper
uniform prior, that assigns equal probability to all valid segmentations regardless of the
number of regions they contain; kR < 1 would favour that the multi-image is divided into
a small number of (large) regions, whereas kR > 1 would favour that individual spaxels are
kept independent or cluster into a large number of small regions.
The likelihood of a tessellation R (i.e. the probability of measuring X , considering all
possible values of Θ) is simply the evidence E(R) defined in equation (4.9), and thus the
posterior probability distribution of R is given by
P (R|D) = pi(R) E(R)E(M) (4.16)
where E(M) denotes the overall evidence for our complete segmentation model setM . Due





where the R runs over all possible tessellations.
The current version of BATMAN outputs the matrix rij (labels corresponding to the
tessellation) that maximises the posterior probability P (R|D), along with the corresponding
values of µrλ and σrλ. Let us argue at this point that, to some extent, the very concept of
‘model selection’ is intrinsically not Bayesian. If, for example, P (R+|D) = 0.5 + δ and
P (R−|D) = 0.5 − δ, one can only choose R+, no matter how small δ may be, if forced to
take a decision. We do think that a strictly Bayesian algorithm would never select a unique
segmentation, but calculate the posterior probability of all possible tessellations and weight
them in order to provide a fully probabilistic description of the underlying signal, spaxel
by spaxel. However, such approach would yield a ‘smoothing’ technique rather than a
‘segmentation’ tool, and it will not be discussed further in the present work.
4.3 Numerical implementation
BATMAN is based on the philosophy that the purpose of a segmentation algorithm is to
group together the ‘spaxels’ of a ‘multi-image’ that carry the same information (measure-
ments xijλ compatible with identical signal Sijλ within the errors eijλ) into larger ‘regions’.
According to the arguments presented in Section 4.2, this goal can be mathematically for-
mulated as the maximisation of the Bayesian posterior probability of the tessellationR, fully
described by the nrow×ncol matrix rij specifying the label of the region that each spaxel (i, j)
belongs to. OnceR is fixed, we have shown that the posterior probability distribution of the
‘signal’ θrλ within each region r at ‘wavelength’ (or ‘layer’) λ is Gaussian, with mean µrλ
and standard deviation σrλ given by an inverse-variance weighted average over the region,
i.e. equations (4.11) and (4.12), respectively.
In practice, the number of possible tessellations is so large that evaluating all their evi-
dences is completely infeasible. Therefore, BATMAN follows a greedy iterative procedure,
merging adjacent regions until no further increase in the posterior probability P (R|D) is
possible:
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1. A unique label lij = [1, N ] is assigned to each spaxel. The initial segmentation RN
considers that every spaxel is an independent region, i.e. nreg = N , rij = lij , µrλ =
xijλ, and σrλ = eijλ. From now on, we will drop the subscript and denote the number
of regions simply as n.
2. On every iteration, starting from n = N , BATMAN compares the posterior probability
of Rn with all possible candidate tessellations Rc,n−1 that can be obtained by merging
any two adjacent2 regions in Rn. More precisely, it evaluates the ratios
P (Rc,n−1|D)
P (Rn|D) for
all these candidate tessellations with n− 1 regions each.
3. The algorithm selects the optimal tessellation for the next iteration, Rn−1, as the can-
didate displaying the highest probability (i.e. the largest ratio with respect to Rn). If
none of the Rc,n−1 is found to be more likely than Rn, no further iterations will be
performed.
4. On exit, BATMAN outputs the matrices containing the labels rij of the different re-
gions, the mean posterior signal maps µrλ, and and their standard deviation σrλ for
the final ‘optimized’ tessellation Rn.













where r and r′ refer to the regions defined in Rn and Rc,n−1, respectively. Due to our
iterative procedure, these two models only differ in that two regions of Rn (let us name
them A and B) that have been merged into a single region A ∪ B in Rc,n−1. Substituting
expression (4.14) for the contribution of each region to the evidence and equation (4.15) for









































where the prior parameters kR and kλ can be neatly separated from the term comparing the
measurements in regions A and B in terms of their dispersions. In fact, it is evident from





that encapsulates all our choices about the prior probability distributions for rij and θrλ.
Since all other quantities (including Hλ and Lλ, which denote the maximum and minimum
2We consider contiguous spaxels in the horizontal or vertical directions, but not along the diagonals.
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values of xijλ, respectively) are driven by the data, K is the only free parameter of our
algorithm.
4.4 Test cases
In order to illustrate the capabilities of the algorithm, assess its performance, and provide
general guidelines to understand its operation, we have considered a set of four different
input datasets as benchmark problems. Two of them are based on a synthetic multi-image
(Section 4.4.1) that poses several potentially challenging situations (e.g. different shapes,
with and without sharp boundaries, different noise statistics and signal-to-noise ratios,
overlap between independent structures, etc.), and the other two are based on integral-field
spectroscopic observations of the local galaxy NGC 2906 (Section 4.4.2).
These four datasets consist of several ‘layers’ or ‘wavelentghs’ (i.e. they are all ‘multi-
images’ according to our terminology). For every one of them we have run BATMAN in
two different ways: one considering all the layers simultaneously and obtaining a single
common tessellation (we will refer to this approach as ‘multi-λ’) and another in which we
consider every ‘layer’ individually and obtain an independent segmentation for every one
them (‘monochromatic’ approach). This yields a total of eight test cases, as summarized in
Table 4.2.
For all of them, we carry out two independent runs adopting K = 1 and K = 10−6. The
former (obtained e.g. by setting both kR and every kλ to unity) corresponds to a binning
criterion that tends to keep small regions separated; reducing the value of K (e.g. by de-
creasing either kR and/or the product of the different kλ) favours the coaddition of spaxels
and leads to the definition of larger regions.
4.4.1 Synthetic data
Our synthetic multi-images consist of 3 layers (arbitrarily labelled R, G, and B) that display
different objects over a null background where the signal value is set to S0 = (0, 0, 0). The R
layer shows a quarter of a circle in the bottom-left corner with signal Scircle = (1, 0, 0), the G
layer displays a triangle with Striangle = (0, 7, 0) located the centre of the image, slightly
overlapping with the circle, and the B image shows an ellipse centred in the top-right
corner (again, slightly overlapping with the triangle) that displays a continuous, radially-
decreasing gradient Sellipse = (0, 0, [17− 1]).
This three-layer datacube
S = (SR, SG, SB) = S0 + Scircle + Striangle + Sellipse (4.21)
represents the signal of our synthetic problem. From these data, we generate two different
input multi-images
xijλ = Sijλ + nijλ (4.22)
by adding random Gaussian noise n with different statistics. The ‘uniform-noise’ dat-
acube follows a Gaussian probability distribution with zero mean and dispersion euniform =
(1, 1, 1) for all layers of every spaxel. We also generate a ‘CCD-like’ datacube (mimicking
the characteristics of charge-coupled devices) as a result of adding a white-noise component
with dispersion σ2W = (0.5, 0.5, 0.5) and a Poisson noise component where the dispersion
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S eccd (S/N)ccd
Background 0 0.5 0
R: Circle 1 1 1
G: Triangle 7 2 3.5
B: Ellipse [1− 17] [1− 3] [1− 5.67]
TABLE 4.1: Values of the signal S of each individual component of the syn-
thetic test multi-image (4.21) in the relevant layer (R,G, or B), followed by
the corresponding ‘CCD-like’ noise eccd given by expression (4.23) and the
signal-to-noise ratio (S/N)ccd = S/eccd. For the ‘uniform-noise’ datacube,
euniform = (1, 1, 1) implies (S/N)uniform = S/euniform = S.
The numeric values of the intensities and noise levels in our synthetic test problems
have been chosen so that the signal-to-noise ratio
(S/N)ijλ = Sijλ/eijλ (4.24)
covers a range from one to 17 in the ‘uniform’ case and up to approximately 6 for the ‘CCD-
like’ noise. The precise values for the errors and signal-to-noise ratios within each region
are summarized in Table 4.1.
4.4.2 Astronomical observations
In order to illustrate the use of the algorithm in a typical science case, we consider two
different segmentation problems related to the measurement of the intensity of the Balmer
emission lines in the local spiral galaxy NGC 2906. Observations have been retrieved from
the public database of the Calar Alto Legacy Intergral-Field spectroscopic Area (CALIFA)
survey (Sánchez et al., 2012a). More precisely, they correspond to the COMBO datacubes
delivered in Data Release 2 (see García-Benito et al., 2015a, for a detailed description), with
a uniform wavelength coverage from 3650 to 7200 Å, sampled in constant steps of 2 Å.
We will consider two completely different approaches to address the problem. In the
first one, we measure the intensity of the Hα(6563Å), Hβ(4861Å), Hγ(4340Å), and Hδ(4101Å)
emission lines spaxel by spaxel, and then take the resulting intensity maps, with their cor-
responding errors, as a four-layer input multi-image (i.e. first measure and then bin with
BATMAN). As an alternative approach, we run BATMAN directly on the raw IFS data,
selecting four wavelength intervals of ±15 Å around each line (see Table 4.2), and then
measure their intensity from the integrated spectrum within each region (i.e. first bin the
datacube directly with BATMAN and then measure).
In both cases, we follow exactly the same procedure to measure the intensity of the
Balmer lines in a given spectrum. In order to account for stellar absorption lines, we use
STARLIGHT (Cid Fernandes et al., 2005) to model the spectral energy distribution of the
underlying stellar population, fitting the observed spectrum with a linear combination of
simple stellar populations spanning different ages and metallicities. We use the the spectra
provided by Vazdekis et al. (2010) for populations older that 64 Myr and González Delgado
et al. (2005) models for younger ages. Dust effects are modelled as a foreground screen,
assuming a Cardelli, Clayton, and Mathis (1989) reddening law with RV = 3.1. Then,
we subtract the estimated stellar continuum from the observed spectrum and obtain the
line flux with the SHerpa IFU line fitting software (SHIFU; García-Benito, in preparation),
based on CIAO’s SHERPA package (Freeman, Doe, and Siemiginowska, 2001; Doe et al.,
2007). Small deviations with respect to the stellar continuum are taken into account by a
first order polynomial, and independent Gaussians have been fitted for the emission lines.
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TEST CASE INPUT: (nrow × ncol × nλ) noutput FIGURES PANELS
#1 synthetic + uniform noise R: (73× 78× 1) 3 1, 3, 4 top-right
‘monochromatic’ G: (73× 78× 1)
B: (73× 78× 1)
#2 synthetic + uniform noise (73× 78× 3) 1 1, 3, 4 top-middle
‘multi-λ’
#3 synthetic + ccd-like noise R: (73× 78× 1) 3 1, 3, 4 bottom-right
‘monochromatic’ G: (73× 78× 1)
B: (73× 78× 1)
#4 synthetic + ccd-like noise (73× 78× 3) 1 1, 3, 4 bottom-middle
‘multi-λ’
#5 NGC 2906: SHIFU maps Hα: (71× 78× 1) 4 2, 5 top-right
‘monochromatic’ Hβ: (71× 78× 1)
Hγ: (71× 78× 1)
Hδ: (71× 78× 1)
#6 NGC 2906: SHIFU maps (71× 78× 4) 1 2, 5 top-middle
‘multi-λ’
#7 NGC 2906: CALIFA data Hα: (71× 78× 14) 4 2, 5 bottom-right
‘∆λ = ±15Å’ Hβ: (71× 78× 15)
Hγ: (71× 78× 15)
Hδ: (71× 78× 15)
#8 NGC 2906: CALIFA data (71× 78× 59) 1 2, 5 bottom-middle
‘full set’
TABLE 4.2: Summary of the test cases presented in Section 4.4 and discussed
in Section 4.5. The labelling and nomenclature used to refer each case are
quoted on the first two columns, respectively. The dimensionality of the input
data is listed on the third column, whereas the fourth column provides the
number of output tessellations (i.e. the number of times BATMAN is run),
and the last two columns indicate the location of the corresponding results in
the chapter figures. Every test case has been run with two different values for
the prior parameter, K = 1 and K = 10−6.
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The intensity distribution of the Balmer emission lines in NGC 2906 is fairly clumpy (see
Figure 4.2), with a relatively large number of individual compact HII regions arranged in
a ring-like structure. This configuration is clearly visible in the Hα maps, where the signal
is stronger, but it is much more difficult to identify in the weakest lines, especially Hδ. In
addition, there is a weak diffuse component of much lower surface brightness, arising from
a combination of intrinsic emission from diffuse ionized gas (Haffner et al., 2009) and light
from the compact HII regions that is scattered towards the observer by dust particles in the
interstellar medium (see e.g. Ascasibar et al., 2016).
Although the actual solution is obviously not available in this case, all our emission
lines arise from the same element, and therefore they should all roughly trace the same
spatial distribution (mostly determined by the electron number density, with a secondary
dependence on the local electron temperature). However, the intensity of the lines decreases
with frequency, and therefore they probe very different signal-to-noise ratios, from values
of the order unity, especially in the outer parts, to well above one hundred in the regions of
brightest Hα emission.
4.4.3 Analysis procedure
As mentioned above, we have approached our four input datasets (both synthetic and as-
tronomical) in two different ways. On the one hand, we make use of the default binning
mode (‘multi-λ’) where all the information is considered at the same time (all ‘layers’ binned
simultaneously) and one optimal tessellation is computed for the whole dataset. On the
other hand, an alternative ‘monochromatic’ procedure is also considered, where BATMAN
is run individually on every layer of the multi-image dataset (hence, several times) and an
independent tessellation is derived for every one of them. A summary of all the resulting
test cases is provided in Table 4.2. Every test has been repeated twice, adopting the values
K = 1 and K = 10−6 for the combined prior parameter.
In the synthetic multi-images, BATMAN has been applied to the three layers (R, G, and
B) separately (‘monochromatic’, cases #1 and #3) and simultaneously (‘multi-λ’, cases #2
and #4). The two test cases based on SHIFU measurements of NGC 2906 (cases #5 and #6)
follow an approach completely analogous to the synthetic multi-images. The only differ-
ence is that now the data consist of four different (but physically not independent) ‘layers’,
one for each Balmer line. In case #5, BATMAN is run in ‘monochromatic’ mode, producing
4 different segmentations, while in case #6 it is run only once, yielding a single ‘multi-λ’
tessellation. For the remaining observational test cases, #7 and #8, we have applied BAT-
MAN directly on the IFS data from the CALIFA survey (spectra and error). We have run
our algorithm separately on every 30 Å-wide slice around each line, thus obtaining 4 in-
dependent tessellations (test case #7), as well as to the full 59-layer multi-image (the four
30 Å-wide slices together, case #8), where a single tessellation is returned. Although these
tests are scientifically identical to test cases #5 and #6 (4 balmer lines binned separately and
simultaneously), they are technically different: BATMAN is applied in ‘multi-image’ mode
every time, many more ‘wavelengths’ are being considered, and there is no pre-processing
of the data (lines are measured with SHIFU after the binning).
As a final remark, let us note that there is another important difference between test
cases #7 and #8 (direct application of the algorithm on the IFS datacube) and the rest. In
test cases #1 − 6, the input data are maps of the measured quantities. BATMAN provides
not only an optimal tessellation, but also the expected value µrλ and the dispersion σrλ of
the signal within every region, based on the posterior probability distribution. On the con-
trary, test cases #7 and #8 bin directly a cutted portion of the spectral energy distributions.
Although BATMAN returns again the three products (rij , µrλ and σrλ) only the tessellation
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is further used by SHIFU in order to derive the flux of each line and the corresponding er-
ror, taking into account noise covariance in CALIFA data (see e.g. Husemann et al., 2013;
García-Benito et al., 2015a) as part of its pipeline. Therefore, the estimated errors may be
considerably larger (by about a factor of 3, depending on the number of spaxels within each
region) than those implied by equation (4.12).
4.5 Results
Based on the test cases described in the previous section, we now address the quality of the
output tessellation in terms of its ability to adapt to the underlying signal, the dependence
of the results on the adopted priors, the accuracy of the formal errors estimated by the
algorithm, and the improvement with respect to the original input data.
4.5.1 Large-scale morphology
Figures 4.1 and 4.2 show the results of applying BATMAN to our synthetic and astrophys-
ical test cases, respectively, adopting the extreme values K = 1 and K = 10−6 for the prior
parameter, and considering both the full input data set as well as individual layers in order
to compute the Bayesian evidence (see Table 4.2). From visual inspection, one can readily
verify that, in almost all cases, the tessellations returned by the algorithm adapt extremely
well to the structures that were present in the input data.
In the synthetic datacubes (Figure 4.1), BATMAN successfully recovers the different
objects regardless of their topology. The output tessellations present a variety of sizes and
shapes that are driven by the input signal, and they show no preference for any given
direction. Comparing the results obtained for the ‘uniform’ and ‘CCD-like’ noise schemes,
we conclude that the ability of the algorithm to trace the underlying structure is not very
sensitive to the statistical characteristics of the noise. The minor differences that exist in the
recovered tessellations can be explained in terms of the dissimilar signal-to-noise ratios.
When applied to the real data (Figure 4.2), our algorithm manages to identify most of
the clumps associated with physical HII regions, albeit with significant difficulty in the case
of Hδ. In particular, among the Hδ recovered maps, the poorest results are obtained for
case #5, where only the Hδ intensity and its error map, as computed by SHIFU, are used as
input dataset. Interestingly, the situation improves when BATMAN is run directly on the
CALIFA COMBO dataset. Even when only a narrow spectral region, ‘∆ = ±15 Å’, around
Hδ is provided as input (case #7), the ring-like structure where most of the emission comes
from is prominently visible in the recovered signal.
By construction, BATMAN gathers together spaxels that contain the same information
(compatible signal within the errors). Hence, it is reassuring, but not surprising, that it
successfully recovers the circle and the triangle in the R and G layers of the synthetic multi-
images, as these regions do indeed feature exactly the same signal value. However, this is
not the case for the gradient in the B-band ellipse or the observations of NGC 2906, where
the signal varies more or less smoothly across any layer. Our segmentation model, de-
scribed in Section 4.2, does not consider the presence of gradients inside the regions. There-
fore we expect the optimal tessellation to trace the isocontours perpendicular to the direc-
tion of any gradient that may exist in the signal. The size of the regions will be determined
by the intensity of the gradient and the signal-to-noise ratio. Roughly speaking, the size of
the isocontours should be of the order of the typical uncertainties eijλ within the region, so
that the algorithm can tell that the signal is indeed different from the values in the immedi-
ate vicinity.
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FIGURE 4.1: Results of applying BATMAN to our synthetic test cases in
‘multi-λ’ mode (i.e. considering all the layers in the input data simultane-
ously; test cases #2 and #4, central columns) and ‘monochromatic’ mode (con-
sidering each layer separately, cases #1 and #3, right columns). Two runs are
performed in every case, with K = 1 (left) and K = 10−6 (right). The input
signal is displayed in the left column. Rows within each panel correspond to
the different layers in the multi-image. The segmentation obtained in every
case is indicated with solid black lines and is common to the three layers in
the ‘multi-λ’ test cases #2 and #4 and specific to every one in the ‘monochro-
matic’ test cases #1 and #3.
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FIGURE 4.2: Results for our observational test cases based on CALIFA obser-
vations of NGC 2906. The structure of the plot is identical to that of Figure 4.1
for the upper panels (test cases #5 and #6), which show the output of applying
BATMAN to the intensity maps of the Balmer lines measured by SHIFU on a
spaxel-by-spaxel basis. The lower panels show the results obtained for test
cases #7 and #8, which are conceptually identical to #5 and #6, respectively,
but are both multi-λ tessellations of selected slices of the IFS datacube (see
the description in Section 4.4.2 and Table 4.2); it is impossible to represent
the input signal in 2D for these cases. The colour maps denote flux in stan-
dard CALIFA units, i.e. 10−16(erg/s/cm2); they correspond to the BATMAN
output in test cases #5 and #6 (upper panels), and to SHIFU measurements
posterior to the segmentation in test cases #7 and #8 (bottom panels).
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This expectation is consistent with the behaviour that can be observed in Figures 4.1
and 4.2. The area of the synthetic multi-images covered by the ellipse is divided into con-
centric regions that roughly follow its shape. Most of the tessellations in NGC 2906 tend to
feature annuli that trace the isocontours of the considered signal. It is worth noting that,
in one of the astrophysical tests (#5 and #6), this refers to the measured intensities of the
emission lines, whereas in the other (#7 and #8) it corresponds to the surface brightness at
different wavelengths, including not only the emission lines but also the adjacent contin-
uum. In the central part of the galaxy, the signal-to-noise ratio is high. There are many
regions consisting of very few spaxels, and all the lines are clearly detected. In the out-
skirts, where the signal is weaker, the regions are larger, and the overall normalization of
the continuum plays a major role in setting their shape.
Since the morphology of the tessellation traces the spatial structure of the input data, the
results depend on how these data are fed to the algorithm. The first noticeable difference
between the binning modes described in Section 4.4.3 (and summarized in Table 4.2) is that
the ‘multi-λ’ procedure yields a single tessellation for all layers. Conversely, the regions of
each layer in the ‘monochromatic’ mode have been obtained separately, and hence they are
different and independent on one another.
In our synthetic problem, the circle, triangle, and ellipse are, by construction, truly in-
dependent objects, and they appear as such when BATMAN is run in the monochromatic
mode. In contrast, when the (R,G,B) layers are considered as a multi-image, the overlap re-
gions are different from the rest, as they would correspond to ‘yellow’ and ‘purple’ colours
rather than pure ‘red’, ‘green’, or ‘blue’. Hence, BATMAN separates these regions from
the ‘main’ objects (circle, triangle, and ellipse) according to the monochromatic definition.
Both solutions are equally correct, and which one is to be preferred depends on the specific
scientific goals to be achieved. It is entirely up to the user’s judgement to decide what infor-
mation should be considered relevant in order to decide whether two regions are ‘different’.
As an equivalent scientific example, the different layers in a multi-image may correspond
to spatially-resolved maps of the mass and/or the fraction of young stars in a given galaxy,
their age, metallicity, radial velocity, velocity dispersion, etc., and one can be interested in
analysing all/some of these properties separately (‘monochromatic’ mode) or considering
all of them at the same time (‘multi-λ’ mode). The choice of the input data is a critical step
of any analysis, and it will obviously play an important role in determining the solution
found by the algorithm.
We also face such a decision in our specific examples of astrophysical test cases, where
one may adopt different prescriptions with the ultimate goal of recovering intensity maps
of the Balmer emission lines. Is it more appropriate to make a first estimate on a spaxel-
by-spaxel basis, and then bin the maps in order to increase the signal-to-noise ratio, or
is it better to find an optimal tessellation based on the raw data and then carry out the
measurements? In either case, is it more convenient to consider each line separately, or all
of them simultaneously? Although it is certainly not our goal to answer these questions,
it is interesting to compare several different approaches in order to illustrate the effect that
this kind of choices has on the optimal tessellation that BATMAN returns.
When all the SHIFU measurements are taken as input data (case #6, Figure 4.2), the out-
put tessellation is largely driven by the Hαmap, which has the highest signal-to-noise ratio.
Based on the information provided by this line alone, it is relatively easy to realize that two
given spaxels are different if one of them belongs to an HII region and the other corresponds
to diffuse emission, where the intensity is considerably lower. The information contained
in the weakest lines (Hγ and Hδ) is also used, but it carries a much lower weight, and it
merely represents a minor-order correction. If we run BATMAN separately on each map
(case #5, Figure 4.2), the tessellation obtained for Hα is very similar to the multi-wavelength
regime. For Hβ and Hγ, the size of the regions increases due to the lower signal-to-noise
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ratio, but the overall structure is still the same. For Hδ, the algorithm adapts to the struc-
tures that are present in the input data, but these are severely affected by the noise. This is
clearly a disadvantage in our test problem, since we know that the signals in the different
layers are not independent. However, this may not be true in the general case (e.g. if there
was a signal that was present only in Hδ), and then it could well be possible that it is more
adequate to consider the noisy dimensions separately in order to maximise their weight on
the tessellation.
When applied directly to the IFS data (case #7 and #8, Figure 4.2), the algorithm is able
to recover the ring-like structure in all cases, even when only a 30-Å interval around Hδ is
taken as input. The central regions of the galaxy are always divided into relatively small
regions, whereas the outer parts are tessellated in roughly concentric rings. The overall
morphology is actually fairly robust, and the main differences between the different pre-
scriptions are related to the region sizes. In fact, the tessellations obtained from each of the
individual intervals (case #7), as well as from the full data set (case #8), are qualitatively
similar, at variance with the results based on the synthetic test problems or the SHIFU maps.
4.5.2 Features on small scales
In our synthetic tests (see Figure 4.1), it is evident that BATMAN recovers many more ag-
gregations of one (or a few) spaxels when only a single ‘layer’ is analysed (‘monochromatic’
mode) than when all layers in the multi-image are considered simultaneously (‘multi-λ’).
These regions are statistically significant according to BATMAN’s criteria, i.e. the posterior
probability ratio (4.19) indicates that it is more likely that the enclosed signal is statistically
different from that of the adjacent regions. We do know, however, that these regions may
be ‘real’ only in the sense that the input data are indeed different as the result of statistical
fluctuations of the noise3. As we increase the number layers to be considered, we enlarge
the number of dimensions and hence the amount of information associated to every spaxel.
Random aggregations of a few adjacent spaxels become much harder to form, since it is
very unlikely that all layers happen to deviate in the same direction and thus the spaxels
are identified as an independent region. In the same way, a true signal is also more diffi-
cult to detect: a clear difference in one layer becomes less and less significant if it is diluted
among a plethora of other channels carrying unrelated information (and/or noise).
In reality, it is far from trivial to discriminate weak signals from random fluctuations,
and this is again a challenge left for the final user. In our tests based on astronomical data,
the situation is further complicated by the large differences in S/N from one line to another
as well as the potential presence of observational artefacts. For the Hα maps, based on
either SHIFU measurements or CALIFA data, including information from the other Balmer
lines tends to reduce the number of regions in the areas where the signal is stronger (i.e.
within the ring-like structure), preferentially removing regions with one or two spaxels. In
the outer parts, though, a number of single-spaxel regions arise in the multi-wavelength
tessellations due to the presence of outliers in any of the other layers. Although a careful
study would be required in order to assess whether these outliers are physical, it is our
preliminary impression that most of the single-spaxel regions in the galaxy outskirts are due
to artificial features in the data. For all the Balmer lines other than Hα, the monochromatic
tessellations always yield much larger regions than the multi-wavelength result, because of
their much smaller signal-to-noise ratio.
In addition to the signal-to-noise of the input data, the number and size of the regions
output by BATMAN are also set by the prior parameter K. As explained in Section 4.3, the
iterative merging procedure continues as long as there is any candidate tessellation Rc,n−1
3This is the so-called look-elsewhere effect: a large fluctuation at a random place is extremely unlikely, but a
few large fluctuations somewhere in the sample are indeed expected.
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where the posterior probability ratio (4.19) is larger than unity, or, equivalently,
nλ∏
λ=1












Thus, the combined prior parameter K regulates the contrast that is required in order to
consider that two regions correspond to different signal values. The effect of considering
different values of the combined prior parameter K is illustrated in Figures 4.1 and 4.2 by
depicting the results obtained for K = 1 and K = 10−6 in all our example test cases. A
decreasing value of K essentially increases the probability of merging regions, and some of
the small fluctuations discussed above are removed as a result of a less strict compatibility
criterion.
In terms of the prior probability distributions (4.7) and (4.15), regulated by the param-
eters kλ and kR, respectively, a low value of K is closer to the ‘non-informative’ (infinite)
improper uniform prior, and therefore it means that we have little previous knowledge
about the signal and/or that we prefer a segmentation with as few regions as possible.
Both statements are absolutely equivalent, both formally as well as in practice. K ∼ 1 uses
the information contained in Hλ and Lλ to minimise the probability that two regions with
physically different signal are merged together. Lower values of this parameter reduce the
contamination associated to random fluctuations in the input data and increase the signal-
to-noise ratio at the expense of missing the weakest genuine signals. The optimal value
of K is problem-dependent, and it can only be decided upon trial and error. Fortunately,
our results suggest that there are relatively little differences between adopting values as
extreme as K = 1 and K = 10−6, both in synthetic as well as in real data.
To sum up, we can conclude that BATMAN is able to adapt to the structures present in
the data, both at large and small scales. The resulting tessellation depends slightly on the
adopted priors and, most importantly, on the precise choice of the input data set. Therefore,
it is important to devote some time to investigate these issues as a preliminary step of any
scientific analysis. The local signal-to-noise ratio and the precise value of the combined
prior parameter K (the only free parameter of the algorithm) affect the number and size of
the regions identified by the algorithm, especially when gradients are present, but neither
of them has a significant effect on the overall morphology of the tessellation. Other aspects,
such as the actual shape of the underlying structure, or the statistical properties of the noise,
do not seem to play a major role.
4.5.3 Quality of the reconstruction
One of the reasons to tessellate a multi-image is to obtain a better reconstruction of the
underlying signal, especially in the low signal-to-noise regions. In order to calibrate the
improvement with respect to the original input data, we study in Figure 4.3 the distribution






with µrijλ = µrλ for all spaxels {i, j} ∈ r, i.e. rij = r. For the input multi-image, where
µrijλ = xijλ, the residuals ∆ijλ follow by construction independent Gaussian distributions
with zero mean and unit dispersion. Therefore, the residual maps on the left column of Fig-
ure 4.3 are statistical realizations of white noise for all layers, without any spatial structure,
both for the ‘uniform’ and ‘ccd-like’ schemes.
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FIGURE 4.3: Maps of the residuals ∆ijλ =
µrijλ−Sijλ
eijλ
for our synthetic test
cases. The structure of the plot is identical to Figure 4.1.
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for our synthetic test cases. The structure of the plot is
similar to that of Figure 4.1 except for the missing input data. We include
cumulative distributions to study the behaviour of the formal errors σrλ re-
turned by the algorithm, where different colours correspond to different val-
ues of the prior parameter K (see labels in the figure). In order to improve
the statistics, the data plotted in these cumulative curves correspond to the
results of applying BATMAN to 10 random realizations of the noise.
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As can be seen in the other maps, the posterior mean values µrλ obtained for every
BATMAN region are representative of the signal values within the region. In the R and
G layers, where the signal within the circle, the triangle, and the background is indeed
constant, µrλ is very close to the true value (∆ijλ ' 0, white colour in the residual maps) as
long as the region is correctly identified.
In some cases, though, a small number of spaxels may be assigned to a region where
the underlying signal is actually different: in our synthetic tests, this only happens near the
boundaries of the R circle, which are difficult to trace due to the low signal-to-noise ratio
(S/N = 1). One may expect that such misclassifications yield ∆ijλ ∼ O(1). If the contrast
between any two areas is larger than eijλ (as it occurs e.g. in the triangle in the G band), the
difference between adjacent spaxels on each side of the boundary is statistically significant.
It is thus very unlikely that they become connected by our iterative procedure before merg-
ing with the other surrounding spaxels that belong to the correct region. Although these
errors are indeed possible, they are restricted to a few isolated spaxels in the G layer of the
‘ccd-like’ case, where S/N = 3.5 (see Table 4.1).
As discussed above, BATMAN can also identify regions around sufficiently high (a few
sigma) random fluctuations on small scales when high values of the combined prior param-
eter K are adopted, especially in the ‘monochromatic’ case. Again, random fluctuations
larger than ∆ijλ ∼ O(1) are statistically very unlikely, and therefore the residuals in the
affected spaxels are of this order (red/blue colours in Figure 4.3).
Errors of similar magnitude also occur in the presence of gradients, where continuous
variations of the signal Sijλ are physically present in the data, whereas µrλ is assumed,
by definition, to be constant within every region. Even if the isocontours are correctly
traced by the tessellation, and the value of µrλ is representative of the average signal within
the region, we expect, following the same argument applied to the misclassifications, that
∆ijλ ∼ O(1). Otherwise, the deviant spaxel would be associated to the adjacent bin of cor-
respondingly higher or lower intensity. The effect of gradients is illustrated by the ellipse
in the B band, where a characteristic red-white-blue pattern is clearly visible within every
BATMAN region.
We thus conclude from Figure 4.3 that the expected values of the posterior probability
µrλ returned by our algorithm provide a more accurate representation of the underlying
signal than the original input data over most of the multi-image. Only for the ‘catastrophic’
failures discussed above, residuals of the order of ∆ijλ ∼ O(1) may be found.
Another important aspect is the quality of the formal errors σrλ derived from equa-






should follow a normal distribution. However, the presence of gradients in the signal and
the identification of spurious regions will cause that the formal errors σrλ reported by BAT-
MAN should be treated with caution and merely taken as a (realistic) lower limit to the
actual uncertainty in the recovered signal.
A more quantitative assessment is provided in Figure 4.4, where we plot colour maps
of the estimated residual ∆ˆijλ. We also present histograms of its cumulative distribution
(based on 10 independent realizations of the random noise) for different values of the com-
bined prior parameter K. Using our synthetic tests we find that, for K < 10−3 (lines of
green-blue colour), the statistical distribution of the estimated residuals ∆ˆijλ is similar, but
not exactly equal to the expected normal distribution. For K = 1, values of |∆ˆijλ| > 3 (black
areas in the colour maps) are common in the ‘monochromatic’ case and relatively frequent
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FIGURE 4.5: Results of applying BATMAN to our observational test cases,
error maps and cumulative distributions of the ‘recovered’ signal-to-noise ra-
tios. The structure of the plot is identical to Figure 4.2 except for the inclusion
of the cumulative distributions. Red and blue cumulative curves correspond
to K = 1 and K = 10−6 results. The dotted black curve corresponds to the
SHIFU maps used as input for test cases #5 and #6 and ploted in the left col-
umn. The colour maps correspond to flux errors for every line in standard
CALIFA units, i.e. 10−16(erg/s/cm2). The signal-to-noise ratio is represented
in logarithmic scale.
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in the ‘multi-λ’ analysis. In the latter (and/or for K < 10−3), they represent a small frac-
tion of the multi-image and therefore they have a barely noticeable effect on the cumulative
distribution.
The most important departure with respect to the ideal behaviour is due to the presence
of gradients in the data. Although the algorithm manages to identify regions where the
underlying signal is approximately constant, equation (4.12) is based on the assumption of
strict equality, and physical variations within the region (of the order of eijλ) are not taken
into account in the error budget. As can be seen in Figure 4.4, this source of systematic error
may result in σrλ underestimating the true residuals in any given spaxel by as much as a
factor of the order of two, which arguably constitutes a reasonable upper limit, albeit not
necessarily a worst-case scenario.
In order to investigate a more realistic example, let us now try to address the quality
of the reconstruction in our astrophysical test cases. As in any practical application, the
underlying signal is unknown, and the true solution is not available. In the top panels of
Figure 4.5 we compare the error maps eijλ of the SHIFU spaxel-by-spaxel measurements
with the formal errors σrλ recovered by BATMAN, both in the ‘monochromatic’ (case #5)
and the ‘multi-λ’ (case #6) binning modes. For test cases #7 and #8, we plot on the bottom
panels of Figure 4.5 the errors erλ reported by SHIFU when the regions defined by BATMAN
from the CALIFA data are given as input.
In all cases, we do observe that the formal errors decrease (i.e. the colour maps become
redder) and their distribution becomes more uniform thanks to the segmentation. Although
the improvement is certainly not surprising in the top panels (σrλ decreases roughly as the
square root of the number of spaxels in region r), it is an expected but non-trivial result in
the bottom panels. In fact, the errors in the line measurements performed by SHIFU after the
BATMAN segmentation (erλ) are much more similar to the results of the spaxel-by-spaxel
analysis (eijλ) than suggested by equation (4.12).
This is due to a combination of different non-linear effects. The most important is ar-
guably the correlation between the noise in adjacent spaxels in CALIFA data, for which
BATMAN assumption of statistical independence is a poor approximation. The propaga-
tion of the errors through the SHIFU pipeline takes it into account through a correction factor
that attains values of the order of ∼ 2− 3 for regions with ∼ 8− 66 spaxels see Appendix A
in García-Benito et al., 2015a, for details. Other issues, such as potential misclassifications,
gradients, and the heterogeneous quality of the observational data (including the error es-
timates) across different spaxels also contribute to increase the uncertainty.
Yet, the bottom panels in Figure 4.5 indicate a significant reduction of the errors erλ
in the low signal-to-noise areas (e.g. the boundaries) of the multi-image, where large (of-
ten annular) regions are identified by BATMAN. This improvement is consistent with the
intensity maps displayed in Figure 4.2, where the level of random fluctuations in these re-
gions is substantially reduced compared to the spaxel-by-spaxel results shown in the top
left panels. In areas where the S/N of the CALIFA datacubes is high, our algorithm tends
to return regions consisting of one or a few spaxels, and the results (both the intensity and
its error) are virtually unchanged with respect to the spaxel-by-spaxel measurements.
We also investigate in Figure 4.5 the changes in the cumulative distribution of the esti-
mated signal-to-noise, comparing xijλ/eijλ (spaxel-by-spaxel measurements) with µrλ/σrλ
in the BATMAN output (cases #5 and #6) and with xrλ/erλ (SHIFU measurements on BAT-
MAN regions; cases #7 and #8).
First of all, we would like to argue that the interpretation of these quantities is not
straightforward, and some of the first impressions conveyed by the histograms in Figure 4.5
are grossly misleading. In particular, they might seem to suggest at first sight that the best
strategy to tackle this particular problem is to run BATMAN on the SHIFU measurements,
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as this approach leads to the strongest reduction in the formal errors σrλ and the largest
increase in the estimated S/N (especially for Hδ in the ‘monochromatic’ case).
This is certainly at odds with our discussion in Section 4.5.1, based upon visual inspec-
tion of the maps in Figure 4.2. The original S/N in this particular case is so poor that BAT-
MAN is barely able to even recover the large-scale morphology of the underlying signal.
As a consequence, the regions of the tessellation contain spaxels where the signal may vary
considerably, and the formal errors are thus expected to be underestimated by about a fac-
tor of two, according to our previous test (Figure 4.4). As mentioned above, the correlation
between the noise of adjacent spaxels represents a further source of uncertainty, leading to
an additional underestimation of the error that grows logarithmically with the number of
spaxels in the region under consideration (García-Benito et al., 2015a).
The improvement of xrλ/erλ (cases #7 and #8) with respect to the spaxel-by-spaxel mea-
surements xijλ/eijλ looks much more modest, but we think it is more realistic.
When the signal-to-noise ratio is relatively high (e.g. S/N > 5 − 10, inner parts of the
galaxy), the CALIFA data are good enough to distinguish fairly minor differences between
adjacent spaxels. Since BATMAN’s goal is to keep all the information that is present in the
multi-image, the resulting regions tend to be small. Due to the reduced number of spaxels
and the presence of correlated noise, the measurement errors erλ associated to these regions
are only slightly smaller than eijλ. Whether further merging would be justifiable in order
to obtain larger regions and reach a higher signal-to-noise ratio is not a decision to be taken
by the algorithm. If we decided that the differences that are present in the data (e.g. the
intensity and shape of the stellar continuum) are not relevant for our purpose of measuring
the Balmer lines, we should provide a different input dataset (e.g. a continuum-subtracted
spectrum) that is free from such irrelevant information.
When S/N < 3 (e.g. in the outskirts), Figure 4.5 shows that BATMAN regions are large
enough to decrease the errors, even considering the effect of correlated noise. However, it
is precisely in this regime (particularly for the weakest Balmer lines) that SHIFU tends to
fail to identify the emission line and/or return spurious values of both fluxes and errors
(e.g. many of the blue and purple dots in the Hγ and Hδ error maps). These ‘catastrophic’
spaxels make a significant contribution to the fraction of spaxels with S/N < 1. If they are
not merged with the surroundings (as it is often the case when BATMAN considers the ‘full
set’ of spectroscopic data), there is little apparent improvement in the signal-to-noise. If, on
the contrary, they are incorporated into the adjacent regions, they may spoil the fit for the
whole region, leading to the large blue/purple areas in the ‘±15-Å’ panels for Hγ and Hδ.
Moreover, the estimated signal-to-noise x/e is a random variable expected to follow a
normal distribution centred at the true value of S/N , which has a significant impact on
the histograms plotted in Figure 4.5 whenever the noise is comparable to the signal. In
our example, the colour maps in Figures 4.2 and 4.5 indicate that both the errors and the
amplitude of random fluctuations in the outer regions have decreased by a similar amount
when SHIFU is run on the binned spectra, compared to the spaxel-by-spaxel measurements.
Although this is certainly a valuable improvement, it barely reflects in the distribution of
signal-to-noise ratios.
Although it is not the goal of the present work to deal with all these effects, they illus-
trate the kind of problems that one may face when analysing real scientific data and the
way BATMAN handles them by default. Most importantly, they help showing that the for-
mal errors returned by the algorithm provide an estimate of the true uncertainties roughly
as good as the underlying assumptions apply to the particular problem at hand. Thus, we
strongly advise not to blindly take them (nor the estimated signal-to-noise ratios) at face
value.
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FIGURE 4.6: “Velocity maps” for the galaxy NGC2906 as observed within the
MUSE (left) and the CALIFA (right) collaborations. The maps present the
binning obtained with BATMAN when a cutted datacube centered in the Hα
line is considered. The colour code corresponds to the position (observed
wavelength) of the peak of the line.
4.6 Scientific uses of BATMAN
As emphasized in the introduction of this chapter, the BATMAN binning algorithm stems
from the need of an analysis tool that characterizes and carefully tessellates a given dataset
without losing information in order to take the most advantage of the low S/N data. This
new binning philosophy can be used to tackle many scientific problems, some of which we
briefly comment in this section.
As a first example to illustrate the potential of BATMAN and the need for this kind of
information-adaptive tools, let us consider the recovery of the gas velocity field in MUSE
(Bacon et al., 2010) IFS data. Figure 4.6 displays the segmentation performed by BATMAN
on a 30 Å-section of the datacube selected around the Hα line (λHα,obs ± 15 Å). We per-
form the same procedure with two IFS datasets corresponding to MUSE (left) and CALIFA
(right) observations of the same object, NGC2906. The colour code corresponds to the posi-
tion of the peak of the recovered Hα line (observed wavelength) after the tessellation. White
colours correspond to regions in which either more than one peak (plausible multiple kine-
matic components) or no peak (low S/N, outskirts) is found. In general, higher spatial
resolution tends to imply a lower S/N per spaxel. The increase in spatial resolution from
CALIFA to MUSE data is enormous (a factor of the order of 25), and in this particular exam-
ple it is not fully compensated by the larger telescope aperture, given the adopted exposure
times. While the S/N in CALIFA ensures that most spaxels contain sufficient information
to derive individual velocities, our results show that BATMAN is capable of recovering a
lot of substructure in the MUSE data, most of which does not present a rounded shape, as
assumed in many popular tessellation schemes (e.g Cappellari and Copin, 2003; Sánchez
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et al., 2012c; Sánchez et al., 2016b).
The advent of highly spatially-resolved IFS data strengthens the case for the widespread
adoption of more advanced segmentation tools in the forthcoming years. One of the future
projects that we aim to conduct is a comparison test of different binning algorithms. Of
particular relevance will be the comparison with the broadly-used Voronoi tessellation by
Cappellari and Copin (2003). As the philosophy of the existent binning techniques is quite
different from that of BATMAN, it will be very interesting to compare how uneven tessel-
lations affect the estimation of different galaxy properties on resolved scales, such as the
kinematics (velocity, velocity dispersion) of both stars and gas, mean stellar ages, chemical
abundances, etc.
Moreover, as we have already discussed in the context of our test cases, following dif-
ferent methodologies (e.g. choices of the input data) may yield different results even for
a given tessellation algorithm. Another example, from a totally realistic science case (the
thesis work of MsC. O.S. Choudhury), consist in measuring the radial dependence of stel-
lar population properties (metallicity [Fe/H], α-enhancement [α/Fe], and stellar age) of
massive quiescent disc galaxies in the CALIFA survey. To this purpose he carried out an
angular binning, with adaptive bin sizes, to acquire a minimum S/N to perform the analy-
sis. As a result of his study he finds that the disk contains two differing regimes depending
on surface density. Fainter outskirts of some of the galaxies of his sample depict an unex-
pected enhancement of α-elements. It is not the scope of this section to cover this result or
its implications, but to explain how BATMAN could help in this analysis. One of the plau-
sible explanations of this strange behaviour could be an ill-defined binning. It is important
to decipher whether this annuli tessellation is appropriate and whether these α-enhanced
regions are real (if they are large or small, preferentially located in the outer parts of these
objects, etc.). Hence we wondered:
What kind of binning would BATMAN propose for this specific problem?
O.S. Choudhury uses PyParadise SPS code (Husemann, Choudhury & Walcher in prep.)
to simultaneously derive the kinematics of the objects and extract the stellar continuum. He
will then measure the different metal abundances required for his study. To this purpose his
analysis pipeline focuses on the fitting of two stellar features, the Hβ(4861Å) and the Mgb
(triplet, ∼5173Å) absorption lines. Hence, we cut ∼35 layers of a CALIFA datacube (corre-
sponding to NGC0842, one of the objects with α-enhanced outskirts) covering the ranges
where these features are located [4850-4876, 5161-5198]. We then provided BATMAN with
different versions of such dataset: a raw dataset, i.e. the data as provided by the CALIFA
collaboration, a flux-normalized, a velocity-corrected and a combination of the last two. In
Figure 4.7 we can see the different output tessellations that BATMAN provides for every
case. Case #1 corresponds to the binning of the raw datacube. We can see that the tessel-
lation roughly traces annular bins. We can interpret the overall shape of the bins in terms
of the intensity of the absorption lines and the continuum, which seems to be the stronger
information enclosed in the input data (driving BATMAN performance). This result is re-
inforced with the results of test cases #2 an #3. If we correct the datacube from line-of-sight
velocity, case#2, the binning pattern remains almost invariant with respect to case #1. On
the contrary, if we normalize the spectra in the considered range, case #3, BATMAN recov-
ers a tessellation that resembles the velocity map of the object (i.e. BATMAN is capable of
recovering the velocity of the object only when the information of the intensity of the line
is subtracted). When we combine both corrections (i.e. the datacube is velocity-corrected and
flux-normalized), case #4, BATMAN barely recovers any region. We can interpret these re-
sults in terms of the information contained in the Hβ and Mgb absorption features and their
errors as given in the dataset. Intensity seems to be the dominant information contained in






FIGURE 4.7: Illustration of the analysis procedure carried out with the galaxy
NGC0842. Left figure depicts the SDSS iamge of the object with and illus-
tration of the annular bins MsC O.S. Choudhury is considering in his thesis
work. BATMAN binning #1 (top) is the result of applying the algorithm to
the “raw” datacube, as it provided by the CALIFA collaboration. #2 (mid-
dle) shows the binning of the velocity-corrected datacube while #3 (bottom)
corresponds to the flux-normalized one. Finally, #4 (right) represents the bin-
ning obtained when the algorithm is run on the velocity-corrected and flux-
normalized datacube
90 Chapter 4. BaTMAn: Bayesian Technique for Multi-image Analiysis
the example datacube, together with a much weaker velocity signal. Once the dataset is
corrected from these two features, nothing seems to remain. Therefore, How can we interpret
BATMAN results with respect to the strange α-enhancement in the outer parts of the galaxy and
the convenience of the annuli binning?. First, BATMAN algorithm does not detect any partic-
ular region located in the outskirts of this object, at least not directly related to the Hβ and
Mgb absorption features. Hence, the α-enhancement observed in O.S. Choudhury’s work
is either driven by other features in the stellar spectra or is not related to any local pro-
cess going on in the outer parts of this system. Consequently, if the analysis conducted by
O.S. Choudhury is properly corrected from velocity and the spectra is normalized in a co-
herent way, annuli binning is compatible with the “image-characterization” conducted by
BATMAN binning algorithm, as case #4 tessellation shows no features incompatible with
it.
Once it is decided that there is indeed relevant information in a given data set, one
comes to the question:
What do we gain by using BATMAN (or any other) tessellation algorithm?
Let us discuss our point of view with another example: the well-known BPT diagram
(Baldwin, Phillips, and Terlevich, 1981), very often used in order to discriminate the star-
forming or LINER/AGN nature of the observed nebular emission. It requires the measure-
ment of four emission lines (Hα, Hβ, [OIII] and [NII]), some of which may be relatively
weak. In Section 2.2.3 we argued that imposing a S/N threshold to the complete set of lines
(S/N > 2 in that particular case) introduces a severe bias, similar to imposing EW(Hα)>10 Å,
(u − r) < 2.3, or SSFR> 3 × 10−11 yr−1 for our star-forming subsample. In order to illus-
trate the advantages of binning IFS data, we considered the flux measurements of the four
lines for a star-forming galaxy, NGC5947. The data, obtained from the CALIFA collabo-
ration (Sánchez et al., 2012a), were obtained using SHIFU (see Section 4.4.2). We binned
the four emission-line maps together as a 4-layer “multi-image”. Left column in Figure 4.8
shows the unbinned data: Hα flux (top), BPT diagram (middle) and and colour-coded map
distinguishing SF and liner-like regions (bottom). The right column shows the binned coun-
terpart. BATMAN binning defines larger regions among the liner-like dominated areas of
the object, leading to a reduction in the scatter in the BPT diagram and the slimming of the
observed trends, resembling the well-known “seagull-shape”. The SF regions of the system
are clearly located along the spiral arms of the galaxy, while the liner-like ones are found in
the inter-arm regions and the nucleus of the object. In this example, BATMAN is capable of
reducing the scatter in the BPT diagram by means of producing a coherent binning. Such
a reduction of the scatter suggests that the distribution of lines ratios in the BPT diagram
(in particular, the sharp differences between arm and inter-arm regions) is due to physical
reasons (e.g. the density and temperature of the gas responsible for the observed nebular
emission) rather than systematic effects or random statistical fluctuations of the measured
ratios arising from poor S/N.
In the context of the present thesis, the study of the “ageing” of galaxies presented in
Chapter 3 is also based on the use of low-S/N resolved IFS data. Quite often, observers ei-
ther impose a S/N threshold (or bin their IFS data to reach a minimum signal-to-noise) that
is considered sufficient (according to subjective criteria) to trust the results. For the specific
case of the colour-equivalent width diagram (Figure 3.1), imposing a S/N threshold would
remove most of the data corresponding to the outskirts of galaxies, while binning may lead
to more or less severe loss of information depending on the details of the prescription fol-
lowed. As illustrated in this chapter, one of the possible uses of the BATMAN algorithm is
to bin directly an IFS datacube, performing the tessellation based on the raw spectra, prior
to carrying out any measurements. The exact approach we present here consists on running
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FIGURE 4.8: Unbinned (left) and binned (right) Hα flux map (top), BPT
diagram (middle) and colour-coded map (bottom, following the SF/AGN
separation of BPT diagram) of the galaxy NGC5947. Data corresponds to
the CALIFA collaboration and flux measurements have been derived using
SHIFU pipeline (see Section 4.4.2). Flux units correspond to 10−16 erg/s/cm2,
typically used in the CALIFA collaboration.
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FIGURE 4.9: Galactic colour-equivalent width diagram depicted in Chapter 3
of four of the objects of the CALIFA sample. The unbinned, spaxel-by-spaxel
SHIFU-measured (one value per spaxel) is plotted in the left column while the
post-processed BATMAN-binned SHIFU-measured (one value per region) is
depicted in the middle column. The gray contour corresponds to the 90% of
the sample considered in Paper I (SDSS). The blue contour is the equivalent
contour for the given galaxy spaxel-by-spaxel. An Hα map together with the
tessellation generated by BATMAN is plotted in the right column to illustrate
the performance of the algorithm.
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BATMAN in “multi-λ” mode on a 40 Å-interval around the Hα line (λHα,obs±20 Å), imply-
ing a ∼20-layer multi-image. Although we aim to reduce the scatter both in the (g-r) colour
and the EW(Hα), the former will not be (that much) affected by scatter. For this reason we
focus on the Hα line to bin our dataset and enhance that information. Once the BATMAN
tessellation is done, we run SHIFU on the binned dataset and plot the outcome in Figure 4.9.
The results show that the tessellations produced by BATMAN (right column) are consis-
tent with the morphology of the objects and even recover some of the star-forming regions
present in NGC5406 and UGC08781 (top-two panels). Even in the cases where the num-
ber of points has been reduced significantly, the trends observed in the spaxel-by-spaxel
analysis (left column) remain unaltered (middle column), and it is now clearer, thanks to
the reduced scatter, that the differences between the observed colour-equivalent width di-
agrams are indeed real, and therefore there is not a unique ageing sequence: although the
objects/regions evolve, on average, from the upper left to the lower right, the precise path
through the colour-equivalent width diagram does depend on the details of the star forma-
tion (and arguably gas accretion) history. Furthermore, we now clearly distinguish a sec-
ondary trend in the case of NGC2918 (bottom panel) that remained hidden in the unbinned
cloud of low signal-to-noise data. From the four galaxies considered, only UGC05359 can be
unambiguously classified as star-forming. For the other three systems, the outer regions are
located along (very different) “ageing sequences”, whereas the spaxels in the central part
are arranged similarly to the “quenched sequence” defined in Chapter 2. The connection
with galaxy morphology (bulge/disk decomposition, velocity dispersion) is the subject of
ongoing work.
4.7 Conclusions
This chapter describes the Bayesian Technique for Multi-image Analysis (BATMAN), a new
segmentation algorithm designed to characterize and coherently tessellate simultaneously
many layers of a given multi-image, which we define as a dataset containing two regularly-
sampled spatial dimensions and an arbitrary number nλ of ‘spectral’ layers, such as e.g.
Integral-Field Spectroscopic (IFS) data.
BATMAN’s tessellation attempts to identify spatially-connected regions that are statisti-
cally consistent with the underlying signal being constant, given the information (measure-
ments and corresponding errors) provided in the input dataset. If the difference between
any two regions is found to be significant, they are kept separate in order to avoid unnec-
essary loss of information. It is important to note that these considerations are independent
on the signal-to-noise ratio: if two regions carry the same information (have compatible
signal within the errors), they should always be merged together; if they do not, it may be
completely unphysical to average over them, and BATMAN will keep them separate.
We also present in the previous sections of this chapter a set of test cases that comprises
both synthetic and real data analysed in different ways. BATMAN is not designed with a
specific goal or to solve a given problem. The possible applications of the code are infinite
(some were shown already, some we will briefly sketch in Section 4.6, and some we cannot
even imagine). However, the posed test cases (even when finite) allow us to test the per-
formance of the algorithm and provide some guidance for its further scientific (or not) use.
According to the results of these tests, we conclude that:
1. The output tessellation depends on the precise choice of the input data set, and there-
fore it is of paramount importance to devote some time to investigate the information
that should be considered relevant as a preliminary step of any scientific analysis.
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2. BATMAN adapts to the spatial structures present in the data for a wide variety of
morphologies, regardless of the statistical properties of the noise. By construction,
gradients pose a significant challenge to the algorithm. When they are present, the
output tessellation tends to trace the isocontour lines.
3. The exact number and size of the regions are mainly set by the local signal-to-noise
ratio. The higher the S/N of the data, the easiest it is to distinguish whether two
spaxels/regions are different. When S/N is low, many spaxels may be consistent with
having a similar signal, and only a small number of large-size, independent regions
can be identified.
4. The precise value adopted for the combined prior parameter K, the only free param-
eter of the algorithm, also affects the number and size of the regions in the output
tessellation by setting the end of the iterative procedure. Lower values of K result
in more iterations and therefore a smaller number of (larger) regions. This may have
a substantial impact on the number of (potentially spurious) structures identified on
the smallest scales, particularly when nλ = 1 (‘monochromatic’ mode).
5. In the proposed formalism, the expected values µrλ of the posterior probability dis-
tribution of the signal within each region are given by the inverse variance-weighted
average (4.11). Our synthetic tests show that these values provide a good representa-
tion of the true signal.
6. The formal errors σrλ, given by expression (4.12), are indicative of the true uncertain-
ties, but they may underestimate them by as much as a factor of the order of two (e.g.
in the presence of gradients and/or spurious regions).
7. Our analysis of real astronomical data shows that the segmentation of IFS datacubes
is a complex task, involving many issues that are specific to the scientific problem
under study. Our tests based on NGC 2906, focusing on the measurement of several
Balmer lines, suggest that BATMAN may be most helpful in the low S/N regime.
The algorithm is capable of recovering the underlying structure of the object even in
the most difficult case (Hδ), especially when it is applied directly on the CALIFA data
(and not so much when the SHIFU measurements are taken as input). The reduction of
the noise with respect to the spaxel-by-spaxel (no binning) approach is clearly visible
in the galaxy outskirts.
8. The application of BATMAN algorithm to our scientific problem, the study of the
ageing process, results in a complete success. The algorithm effectively reduces the
scatter in the colour-equivalent diagram verifying the existence of the different trends
observed in the unbinned data. At the same time, the significant reduction of the
noise leads to the discovery of previously hidden features in the “ageing diagram”.
Let us stress once again that, in contrast to many other segmentation algorithms, BAT-
MAN aims to preserve all the spatial information contained in the original data, as long
as it is considered statistically significant. Such philosophy represents a new (and, in the
opinion of the authors, much needed) approach to the analysis of astronomical images in
the advent of the vast amount and spatial resolution of IFS data to come.
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Chapter 5
The SELGIFS data challenge.
Generating Synthetic IFS observations
This chapter is a based on the article:
“The SELGIFS data challenge: generating synthetic observations of CALIFA galaxies from
hydrodynamical simulations”
by G. Guidi, J. Casado, Y. Ascasibar & C. Scannapieco
∼ draft version ∼
5.1 Introduction
We have already emphasized in this thesis the tremendous impact of Integral Field Spec-
troscopy (IFS) in the field of astronomy and astrophysics. Several observational programmes
have produced, or will soon provide, systematic IFS surveys targeted at different galaxy
populations, both in the local Universe, such as e.g. SAURON (Bacon et al., 2001), DiskMass
(Bershady et al., 2010), Atlas3D (Cappellari et al., 2011), CALIFA (Sánchez et al., 2012a),
SAMI (Croom et al., 2012), or MaNGA (Bundy et al., 2015), as well as at high redshift, such
as e.g. SINS (Förster Schreiber et al., 2009), KMOS3D (Wisnioski et al., 2015), or KROSS
(Bower and Bureau, 2014). Although all these datasets differ widely in terms of both the
number of galaxies observed and the number of spaxels sampling each object, the total
number of spectra is, in most cases, so large that a significant part of the analysis must
necessarily rely on fully automated procedures (see also Chapter 4). In the near future, in-
struments such as MUSE (Bacon et al., 2004), WEAVE (Dalton et al., 2014), or HARMONI
(Thatte et al., 2014) will routinely produce even larger datasets just for a single galaxy, and
their likely use in survey mode will increase the number of spectra to be analysed by several
orders of magnitude.
One of the obvious advantages of IFS is that it allows to obtain much more information
about the galaxies than single-fibre or long-slit spectroscopy. Having spatially-resolved
spectra over a significant extent of a galaxy offers an unprecedented level of detail on the
local physical properties of its gas, dust, and stars, as well as valuable constraints on other
important variables, such as its dark matter content. However, it comes at the price of
a higher level of complexity in the analysis of the data. For instance, the precise way in
which spatial information is treated may have a crucial impact on the feasibility of any
scientific case as a function of the signal-to-noise ratio (S/N ) of the observations. Typically,
different binning schemes have been used to tackle this issue, showing that they can be at
the same time the solution to the problem and the origin of a new one. In the previous
chapter (4) we showed that the optimal binning strategy is completely dependent on the
specific problem under consideration, and a thorough study is necessary on a case-by-case
basis. Moreover, the use of mock datasets (test datasets whose “properties/solutions” are
known) in the development of BATMAN algorithm emphasizes the need for such thorough
calibration.
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It is the goal of extending the “RGB: circle, triangle, ellipse” calibration problem of
Chapter 4 to every IFS analysis tool that leads to the present SELGIFS data challenge project.
In this new chapter we describe (and present) the generation of reliable synthetic IFS obser-
vations, created with the aim of calibrating existent (and forecoming) analysis tools. Our
goal is to provide a series of synthetic benchmark problems, based on numerical simula-
tions, that are representative of the analyses typically carried out on observations of real
galaxies. Current hydrodynamical simulations are able to follow the intertwined evolution
of gas, dark matter, and stars over cosmic time, and then connect the observable properties
of the galaxies with their merger and accretion history. Although they suffer from finite
spatial and mass resolution, and a significant part of the relevant physics is implemented
at the sub-resolution level through simple numerical schemes (whose details have a signif-
icant influence on the results, see e.g. Scannapieco et al., 2012), several simulation projects
have recently been able to create fairly realistic galaxies (e.g. Governato et al., 2010; Aumer
et al., 2013; Vogelsberger et al., 2014; Wang et al., 2015; Governato et al., 2007; Scannapieco
et al., 2008; Nelson et al., 2015; Schaye et al., 2015).
In order to meaningfully compare such simulated data with observations or real galax-
ies, let alone to provide a physical interpretation of the results (see e.g. Scannapieco et al.,
2010; Bellovary et al., 2014; Michałowski et al., 2014; Hayward et al., 2014; Smith and Hay-
ward, 2015; Hayward and Smith, 2015; Guidi, Scannapieco, and Walcher, 2015; Guidi et al.,
2016), it is critical that the output of the simulations is post-processed, first generating a
‘synthetic observation’ that mimics as closely as possible all the known selection effects and
biases inherent to one particular instrument/survey, and then processing these data with
the same algorithms and techniques that are applied to the actual observations.
Rather than constraining the recipes for star formation, feedback, and metal enrichment
in hydrodynamical simulation codes, we are now interested in constructing realistic mock
observations that can be used to test the different tools and prescriptions that may be ap-
plied to IFS data. The main advantage of this kind of experiments with respect to a purely
observational approach is that the correct solution (i.e. the physical properties of the galax-
ies) to be recovered is accurately known, which makes possible to detect, quantify, and
perhaps even correct systematic errors. Some efforts in this direction have recently been
undertaken by Kendrew et al. (2016), who have used the HSIM pipeline (Zieleniewski et al.,
2015) to create synthetic observations of simulated high-redshift galaxies that reproduce the
conditions of the HARMONI instrument (Thatte et al., 2014) and test its capabilities in the
context of IFS of stellar absorption lines.
In the work that will be presented in this chapter we use hydrodynamical simulations
of galaxies in a cosmological setting to generate a set of synthetic observations that mimic
the Calar Alto Legacy Integral-Field Area (CALIFA) survey (Sánchez et al., 2012a) in terms
of the field of view, spatial and spectral resolution, noise statistics, and data format. We
have post-processed the output of different cosmological simulations carried out with the
galaxy formation codes by Scannapieco et al. (2005), Scannapieco et al. (2006), and Aumer
et al. (2013) with the radiative transfer code SUNRISE (Jonsson, 2006; Jonsson, Groves, and
Cox, 2010). Our final products, that will be publicly available through a web interface1 once
the work is published, consist of several items. On one hand we provide resolved maps of
the physical properties (masses, ages, metallicities) of our simulated galaxies (calculated
directly from the snapshots), maps of the model emission line intensities and absorption
line indices after radiative transfer. On the other hand we provide the synthetic datacubes
in CALIFA format (ready to use as if they were real observations). It is our long-term goal
to use the proposed ‘Data Challenge’ to carefully evaluate the merits and drawbacks of
1http://astro.ft.uam.es/SELGIFS/
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different strategies that may be followed in order to infer the physical properties from real
data.
5.2 Hydrodynamical simulations
To produce our mock data sample we use three hydrodynamical simulations of galaxies in
a ΛCDM Universe, generated from a dark-matter simulation with the zoom-in technique
(Tormen, Bouchet, and White, 1997). The initial conditions for the hydrodynamical simula-
tions are taken from the Aquarius dark-matter only simulation (Springel et al., 2008), iden-
tifying at redshift zero halos that are possible candidates for the formation of galaxies with
properties similar to the Milky Way (i.e. with virial mass between 0.7 and 1.7 × 1012 M,
and a quiet merger history in the recent past, excluding halos with neighbours more mas-
sive than half of their mass within a spherical region of 1.4 Mpc radius at z = 0 ,see Scan-
napieco et al. (2009)). The cosmological parameters assumed are the following: Ωm = 0.25,
ΩΛ = 0.75, Ωb = 0.04, σ8 = 0.9, and H0 = 100h km s−1 Mpc−1 with h = 0.73. The simu-
lations have, at redshift z = 0, mass resolution of 1 − 2 × 106 M for dark matter particles
and of 2− 5× 105 M for stellar/gas particles, and gravitational softening of 300− 700 pc.
Two halos, that we name C-CS+ and E-CS+ (first letter identifies the Aquarius halos ac-
cording to the Springel et al. convention) have been simulated with a new version of Scan-
napieco et al. (2005) and Scannapieco et al. (2006) model (CS hereafter), which implements
chemical enrichment and Supernovae (SNe) feedback in the Tree-PM SPH code Gadget-3
(Springel, 2005). The updated version used for this work (CS+ model, Poulhazan et al.,
in prep.) concern the use of new metal yields (from Portinari, Chiosi, and Bressan 1998)
including chemical enrichment from AGB stars by Portinari et al. (1998); Marigo (2001), a
new IMF (Chabrier 2003), while the assumed cooling function is the one by Sutherland and
Dopita (1993) as in the original Scannapieco et al. model.
The third halo (D-MA) is simulated with the Aumer et al., 2013 independent update
(MA hereafter) to the CS model. MA model is different from CS in the chemical yields
(which also include AGB stars contribution) with the additional modelling of metal diffu-
sion in the ISM, in the use of a Kroupa IMF, and in the cooling function, which is taken
from Wiersma, Schaye, and Smith, 2009. More important, the energy feedback from SNe
is, unlike in the CS+ model where feedback is purely thermal, divided into a thermal and
a kinetic part, and the code also includes the feedback on the ISM of the radiation pressure
due to massive young stars. The MA model gives in general stronger feedback compared
to CS/CS+, and hence younger, more metal rich and disk-dominated galaxies (for details
on this model we refer the reader to Aumer et al. 2013).
Properties of the simulated galaxies
The measurement of some of the integrated properties of these simulated objects is de-
scribed as follows and listed in Table 5.1. However, these properties do not correspond
to the particles associated to the above mentioned halos, as defined by the SUBFIND algo-
rithm (Springel et al., 2001), but to a sub-sample corresponding to those enclosed in the
“virtually-observed” CALIFA field-of-view (see Section 5.4).
• Total stellar mass: mass in star particles inside the region sampled by the FoV in units
of log[M∗/M].
• r−band absolute magnitude: absolute magnitude in the r−band obtained by sum-
ming the spectra of all spaxels and convolving the total spectrum with the r−band
filter (Gunn et al., 1998; Gunn et al., 2006).
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• Mean stellar age: global mean stellar age weighted by mass (log〈age〉M as defined in
Section 5.5.1) and by luminosity at λ = 5635 Åcalculated with STARBURST99 (log〈age〉L).
The units are log [yr].
• Mean stellar metallicity: global mean stellar metallicity weighted by mass (log〈Z〉M )
and by luminosity at λ = 5635 Å (log〈Z〉L). Both measurements are in logarithmic
solar units with Z = 0.02.
• Velocity dispersion: we compute the velocity dispersion along the line of sight by
considering the stellar particles in the simulation that enter the FoV in the different
projections. We weight the velocity of each particle by its luminosity at λ = 5635Å.
The units are km/s.
• Mean gas metallicity: we derive the mean oxygen abundance of the gas 12 + log(O/H)
as the mean of the (O/H) ratio of each gas particle.
• Redshift: redshift at which we “shift” the spectra in accordance with the physical
size of the FoV enclosing ∼ 2 half-light radii R50 (see Section 5.4). We use the cos-
mological calculator by Wright (2006) assuming the Planck Collaboration et al. (2015)
cosmological parameters.
• Luminosity distance: luminosity distance corresponding to the given redshift as pro-
vided by Wright (2006) calculator.
Together with the global properties described above we also calculate the spatially-
resolved ones, i.e. corresponding to the subsample of particles enclosed in the “virtually
defined” spaxels (see Section 5.4.1). We reffer to these maps of directly measured properties
as high-level product datacubes and represent the ‘solutions’ to be recovered by the obser-
vational algorithms (some examples can be seen in Figure 5.3). Note here that we include
in this maps the effect of the spatial Point Spread Function (PSF, see Section 5.4.3), in or-
der to make them directly comparable to the synthetic IFS observations. We enter now the
detailed description of their calculation.
• Stellar mass/Stellar mass density: the stellar mass and stellar mass density maps
have been derived considering the mass in star particles corresponding to every spaxel.
The units are log [M∗/M] and log [M∗/(M pc2)] respectively.
• Mass-weighted mean stellar age: we compute the mass-weighted mean stellar ages






• Mass-weighted mean stellar metallicity: we derive the mean mass-weighted stellar
metallicities, where Zn is the metalllicty of a stellar particle2 in solar units (with Z =






• Star formation rate: the maps of the spatially-resolved SFRs are generated consider-
ing the amount of stellar mass formed in the last 10 Myr (a similar timescale to that
2The metallicity of every stellar particle is measured as...
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of most observational indicators, see Kennicutt (1998)). SFR is measured in units of
[M/yr].
• Luminosity-weighted mean stellar age: we compute the luminosity-weighted mean
stellar age by weighting the star particle ages with their flux Ln at λ = 5635Å (calcu-
lated with STARBURST993). The units are log [yr].
log〈age〉L = log
[∑
n Ln · agen∑
n Ln
]
• Luminosity-weighted mean stellar metallicity: to derive the mean luminosity-weighted
stellar metallicity, we weight the metallicty of a stellar particle Zn (in solar units as-
suming Z = 0.02) with the luminosity Ln calculated at 5635Å (using STARBURST99
SPS model). Measured in units of log[Z/Z].
log〈Z〉L = log
[∑
n Ln · Zn∑
n Ln
]
• Mean velocity/Velocity dispersion (stars): the line-of-sight mean velocity vmean and
velocity dispersion vdisp maps (both in units of km/s) have been computed from their








n Ln · (vn − vmean)2∑
n Ln
5.3 Simulated spectra
We now introduce the process of adding light to our simulated particles. We post-process
the simulation snapshots at redshift zero with the Monte Carlo Radiative Transfer code
SUNRISE (Jonsson, 2006; Jonsson, Groves, and Cox, 2010), considering as input for the ra-
diative transfer post-processing only the particles belonging to the main halo in the hy-
drodynamical simulations, as determined by the SUBFIND algorithm (Springel et al., 2001).
SUNRISE is a 3-D polychromatic Monte Carlo radiative transfer code, which is able to self-
consistently simulate the emission and propagation of light in a dusty Inter Stellar Medium
(ISM) from hydrodynamical snapshots, to obtain the full UV-to-submillimetre Spectral En-
ergy Distribution (SED). The resulting SED includes the contribution of stellar and nebular
emission, dust absorption and re-emission in the infrared, and hence shows stellar absorp-
tion features, emission lines, as well as the effects of kinematics on broadening the absorp-
tion and emission lines. This process consists of several steps:
1. SUNRISE assigns a specific spectrum to every star particle depending on its age and
metallicity normalized by the mass of the particle.
3To calculate luminosity-weighted quantities we use the flux at λ = 5635Å following the choice done in
several studies of the CALIFA galaxies, e.g. González Delgado et al. (2014), Sánchez et al. (2016c), and Ruiz-
Lara et al. (2016).
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• For star particles older that 10 Myr, spectra from the STARBURST99 Stellar Popu-
lation Synthesis (SPS) model (SB99, Leitherer et al. 1999) are assigned. To create
the input stellar model we have selected the Padova 1994 stellar tracks (Fagotto
et al., 1994a; Fagotto et al., 1994b) assuming a Kroupa IMF (Kroupa, 2002) with
α = 1.3 for mstar = 0.1 − 0.5 M and α = 2.3 for mstar = 0.5 − 100 M. The
low-resolution spectra (which have sampling ∼ 20 ) have been computed choos-
ing the Pauldrach/Hillier stellar atmospheres, while for the high-resolution re-
gion of the STARBURST99 spectra (3000 − 7000 with sampling of 0.3 ) we have
used the fully theoretical atmospheres by Martins et al. (2005). The final in-
put stellar model is the combination of the low-resolution spectra for wave-
lengths λ < 3000 , λ > 7000 , and the high-resolution spectra in the range
3000 ≤ λ ≤ 7000 ; the use of a stellar model with different spectral resolutions
is motivated by the fact that SUNRISE needs high-resolution spectra to include
the effects of the kinematic broadening on the spectral lines, which however is
possible only between 3000 ≤ λ ≤ 7000 with STARBURST99.
• Star particles younger than 10 Myr are assumed to be the source of significant
amount of ionizing photons, which are efficiently absorbed by the surrounding
gas producing recombination lines and forming an HII region; to these young
star particles a modified spectrum is assigned, that takes into account the effects
of photo-dissociation and recombination of the gas. The spectra coming from
the HII regions are pre-computed with the photo-ionization code MAPPINGS III
(Groves, Dopita, and Sutherland, 2004; Groves et al., 2008), and depend several
properties of the star particle and the gas surrouning it.
2. After SUNRISE assigns stellar or nebular spectra to all star particles, in the radiative
transfer stage randomly-generated photon packets are propagated through the dusty
ISM (assuming a constant dust-to-metals ratio of 0.4 according to Dwek 1998) with
a Monte Carlo approach. Since in the multi-phase model of the ISM implemented
in our hydrodynamical code (Scannapieco et al., 2006) each gas particle has a single
temperature, density and entropy (while other ISM models may have cold/hot phases
in a given gas particle, e.g. Springel and Hernquist 2003) the amount of dust is directly
linked to the total amount of metals in each gas particle (for a discussion of the effects
of the ISM sub-resolution structure on radiative transfer calculations see Hayward
et al. 2011; Snyder et al. 2013; Lanz et al. 2014). Dust extinction is described by a
Milky Way-like curve with RV = 3.1 (Cardelli, Clayton, and Mathis, 1989; Draine,
2003), while for dust scattering the phase function by Henyey and Greenstein (1941)
is adopted. The ∼ 107 Monte Carlo rays generated by the SUNRISE algorithm are
traced on an adaptive grid made by ∼ 30 000− 150 000 cells covering a region of (120
kpc)3 with minimum cell size of ∼ 250 pc, calculated assuming in SUNRISE a value of
tolerance tolmet = 0.1 and metals opacity κ = 3×10−5 kpc2 M−1 (see Jonsson 2006 for
details).
3. Model cameras are placed around the simulated galaxies to sample different view-
ing angles, obtaining the SED in each pixel for each camera. In our calculations we
place cameras with three different orientations (defined according to the alignment
of the total angular momentum of the stars with the z direction) for each galaxy, re-
spectively face-on, 45◦ and edge-on. The flux in the cameras can be convolved with
bandpass filters to get broadband magnitudes and images as in Fig. 5.1, which shows
the (u, r, z)-band color-composite images of the simulated galaxies in the three orien-
tations; the region of the simulations observed by the CALIFA hexagonal field of view
is in red in this figure.




FIGURE 5.1: Composite synthetic broadband images created in the (u, r, z)-
bands using the Lupton et al. (2004) composition algorithm for our three sim-
ulated galaxies (from top to bottom, C-CS+, E-CS+, and D-MA) in a field of
view of 60 × 60 kpc with 300 × 300 pixels. The orientations are, from left to
right, face-on, 45◦ and edge-on, labelled in the synthetic datacubes as _0, _1
and _2 respectively. The red hexagon is the region of the simulations sampled
by the CALIFA field of view, with physical sizes of ∼ 19, 27, 35 kpc respec-
tively for the C-CS+, E-CS+ and D-MA galaxies.
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Measurements on the simulated spectra
As part of the high-level product datacubes we also provide resolved maps of some spectral
features as measured from the computed noiseless (prior to the addition of noise, see Sec-
tion 5.4.3) stellar-only and gas-only datacubes. The exact procedure is described as follows,
and an example of the maps is shown in Figure 5.4), where the emission lines corresponding
to the BPT diagram (Baldwin, Phillips, and Terlevich, 1981) (Hα, Hβ , [OIII]5007, [NII]6584))
are depicted. Note again that we always include de effect of the spatial PSF in our product
datacubes.
• Lick indices: we derive the strength of the Lick stellar absorption features from the
stellar-only (switching-off the nebular emission), noiseless datacube generated in the
CALIFA V500 format (see Section 5.4.2). The measurements are conducted prior to the
inclusion of the spectral PSF. A list of these absorption features depicted in Table 5.2.
• Emission line intensities of the nebular component: fluxes for the emission lines
listed in Table 5.3 are measured from the noiseless IFS synthetic datacubes (CALIFA
V500 format) after the subtraction of the stellar component from the noiseless stellar-
only datacubes used to derive the Lick indices. We measure the flux of each emission
line as the total residual flux integrated in the wavelength range given in Table 5.3 for
every line. Note again that we do not consider the effect of the spectral PSF. It is also
important to emphasize here that the nebular emission in the datacubes is limited to
the stellar particles younger than 10 Myr (HII regions), as we do not count on any
other sources of ionizing photons. The results are provided in CALIFA flux units:
10−16erg/s.
In order to reduce the random noise introduced by the SUNRISE Monte Carlo algo-
rithm the simulation process described above is run ten times (both for the high and low-
resolution part of the spectra) changing only the random seeds. Once the spaxel size is fixed
later on in the process (see coming Section, 5.4) the resulting spectra is averaged over the
ten different random realizations
5.4 Virtual observations
In this section we describe the procedure followed to convert the output of the SUNRISE
algorithm into state-of-the-art IFS observations. Although the procedure we describe in the
following sections is valid for any given IFS observation we aim to reproduce, we choose
the CALIFA survey as the dataset to mimic for the present work. We will present now some
of the technical properties of the CALIFA - PMAS/PPAK observations and the characteri-
zation and further implementation of its observational noise
5.4.1 Field-of-view (FoV)
CALIFA sample selection criteria (Walcher et al., 2014) and observing strategy (three points
dither pattern, Sánchez et al. 2012b) were carefully conceived to reach a filling factor of
100% across the FoV and guarantee to cover the entire optical extension of the galaxies up
to ∼ 2.5 effective radii Re. The CALIFA datacubes present a typical spaxel physical size
of ∼ 1 kpc, with a ∼ 77′′ × 73′′ 2D distribution of spectra with 1′′ × 1′′ spatial sampling
and 3” Full Width at Half Maximum (FWHM) spatial resolution (Sánchez et al., 2012a). To
reproduce these properties in our synthetic datacubes, we first derive for each object the
half-light radius R50 in the r-band from low-resolution radiative transfer simulations with
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Species Line center (Å) Lower/
upper bounds (Å)
[Ne III]3869 3869.060 3859− 3879
Hδ 4101.734 4092− 4111
Hγ 4340.464 4330− 4350
[O III]4363 4363.210 4350− 4378
Hβ 4861.325 4851− 4871
[O III]4959 4958.911 4949− 4969
[O III]5007 5006.843 4997− 5017
HeI 5876 5875.670 5866− 5886
[N II]6548 6548.040 6533− 6553
Hα 6562.800 6553− 6573
[N II]6584 6583.460 6573− 6593
[S II]6717 6716.440 6704− 6724
[S II]6731 6730.810 6724− 6744
TABLE 5.3: List of the emission line intensities provided in the product dat-
acubes. Line centers, lower and upper bounds are taken from the Sloan
Digital Sky Survey-Garching DR7 analysis (available at the URL http://
wwwmpa.mpa-garching.mpg.de/SDSS/DR7/).
a FoV of 60× 60 kpc, and we calculate the physical size of the spaxels assuming that a FoV
of 78′′ × 78′′ with spatial sampling 1′′ × 1′′ covers a region up to 2 × R50 of each simulated
galaxy. We also compute the redshift corresponding to the physical size of the spaxels for
the CALIFA 1′′ × 1′′ aperture, assuming the Planck Collaboration et al. (2015) cosmological
parameters.
5.4.2 Spectral properties
Before entering the description of the spectral properties reproduced in our synthetic dat-
acubes we note here that SUNRISE is run ten times in every case in order to reduce the
random noise. Is in this particular point of the calculation (after the definition of FoV
and spaxel size) that we average the spectra in every spaxel, resulting in a signal-to-noise,
(S/N, where the noise corresponds to the standard deviation over the ten realizations) of
∼ 300− 400 in the central regions and ∼ 8− 10 in the outskirts of the objects.
After the averaging is done we begin modifying the spectra. Two different overlap-
ping spectral setups are available in the CALIFA collaboration and will hence be repro-
duced here: the V500 low-resolution mode covering the range 3749 − 7501 with sampling
dλ500 = 2.0 and FWHM spectral resolution δλ500 = 6.0 , and the blue mid-resolution setup
V1200 that covers the range 3650 − 4840 with spectral sampling dλ1200 = 0.7 and FWHM
resolution δλ1200 = 2.3 (Sánchez et al., 2012a; García-Benito et al., 2015a).
To reproduce these spectral properties in the mock datacubes we must first cover their
respective spectral ranges. However, running SUNRISE including the effects of the stellar
kinematics on the spectra is only possible between the wavelengths 3000− 7000 . To cover
the full spectral range of the CALIFA V500 configuration (3749 − 7501 ) we generate two
different sets of radiative transfer simulations for each object, one at higher resolution in-
cluding the kinematics (between 3000−7000 ), and other at lower resolution (from λ = 7000
to 7600 ) without kinematics. We paste the SEDs together at λ = 7000 . This way we are
able to cover entirely the CALIFA V500 wavelength range (the V1200 range is fully cov-
ered by the high-resolution stellar model), although the redder part of the spectrum has a
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spectral resolution lower than the CALIFA sampling. The regions of the spectra generated
with the low-resolution stellar model will be flagged as bad pixels in the datacubes (see
Section 5.5.2), and should not be used for SED fitting analysis 4.
Then we redshift the spectra to the corresponding distance and resample them according
to the above mentioned spectral sampling. We further remove the wavelengths outside the
V500 and V1200 spectral ranges, as well as some of the outer spaxels to obtain a charaster-
istic 77′′ × 73′′ hexagonal FoV configuration.
5.4.3 Different sources of noise
Different sources of error are considered and implemented in our datacubes. First, we ac-
count for both, spatial and spectral Point Spread Functions (PSF). To do so we convolve the
two spatial dimensions of our synthetic 3-dimensional datacubes with a two dimensional
Gaussian PSF to account for the 3” spatial resolution Full Width Half Maximum (FWHM)
of the CALIFA observations. We also include the effect of the PSF in the spectral dimension
by convolving it with a one-dimensional Gaussian kernel. The known FWHM values for
the PMAS/PPak spectrograph are δλ500 = 6.0 and δλ1200 = 2.3 for the V500 and V1200
setups respectively.
We also consider the charasteristic noise of the detector by adding random Gaussian er-
ror to the datacubes with zero mean and σn standard deviation, as modelled from a sample
of CALIFA galaxies. Its precise derivation is described as follows:
Characterizing CALIFA noise
In order to characterize the noise associated to the PMAS/PPak instrument we have
considered a sample of 20 objects from the CALIFA survey and performed a spatial and
spectral analysis of the error in both the V500 and V1200 setups. The analysed sample cov-
ers a set of different visually-classified morphological types (Walcher et al., 2014) consistent
of 9 spiral galaxies (3 face-on, 3 edge-on and 3 with intermediate inclination ∼ 45o), 7 el-
lipticals and 4 objects in the process of merging. The results of the analysis show that the
dependance of the noise with the intensity of the signal, characteristic of charge-coupled







In and σn refer to the intensity and the noise provided in the CALIFA datacube nor-
malized to the median value of the intensity in the given datacube, i.e. σn = σ \ I50 and
In = I \ I50. We use normalized errors and fluxes in order to obtain a uniform object-
independent unit-free characterization of the noise. σ0 and I0 are the parameters we aim
to fit. The first term σ0 in the equation is associated to the ‘white noise’ in the detector,
while the second one ∝√In/I0 accounts for the Poisson noise (or shot noise), known to be
characteristic of photon counting detectors and typically scaling as ∼ √I .
We fit our data to equation 5.1 and average our results over the 20 objects considered in
the analysis. The values obtained (for both setups) are summarized in Table 5.4, together
with the main properties of the simulated datacubes: spatial and spectral dimensions (Nα,
Nδ, Nλ), spectral sampling (dλ) and spectral resolution (δλ). Fig. 5.2 shows an example of
the fitted noise-intensity relation for three of galaxies. White solid line corresponds to the
best fitting of our modelled detector noise.
Our analysis also shows that the detector noise does no depend on wavelength, except
for expected edge effects. This border effect is not modelled nor included. Artifacts appear
4Notice that when we redshift the synthetic spectra we reduce the range of bad pixels, starting from the
wavelength ∼ 7090− 7170 depending on the redshift of the object.
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FIGURE 5.2: Color maps showing the distribution of the noise σ relative to
the signal I , normalized to the median value of the signal I50 (in logarith-
mic scale) for three out of the twenty galaxies considered to characterize the
properties of the noise. Left (right) panels displays the values correspond-
ing to the V500 (V1200) setup. Black solid lines correspond to the median
and ±1σ value of the distributed noise at a given intensity. White solid lines
show the best-fit curves, obtained averaging the values fitted for each galaxy
over the full sample of 20 objects; the parameters of the white curve σ0 and I0
are given in Table 5.4. In these plots the linear colour scale corresponds to the
number of pixels in the CALIFA datacubes (∼ 107 in total both for the V500
and V1200 configuration) at a given signal and noise.
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Setup Nα Nδ Nλ dλ δλ σ0 I0
V500 77 73 1877 2.0 Å 6.0 Å 0.23 12.10
V1200 77 73 1701 0.7 Å 2.3 Å 0.6 11.26
TABLE 5.4: Sizes of the simulated datacubes in the spatial and spectral dimen-
sions (Nα, Nδ, Nλ), spectral sampling and spectral resolution (dλ, δλ), and the
best-fitted noise parameters of equation 5.1 (σ0, I0).
when we study the spatial distribution of the noise, probably as a result of an error itn
the pointing of the observations and the application of dithering scheme. This effect is
impossible to measure and hence it will not be included. Another relevant effect if the
well-known noise correlation caused by that dithering scheme (see Husemann et al., 2013;
García-Benito et al., 2015a)). Since our goal is to set the basis in order to generate state-
of-the-art synthetic IFS data and not to approach the specific problem of combining the
PMAS/PPak observations and the CALIFA observational strategy, we will not consider
this correlation of the noise.
5.5 The SELGIFS data challenge
The main goal of this work is to provide the scientific community with a reliable set of syn-
thetic IFS observations and corresponding comparable maps of directly measured propeties
that allow testing existing (and future) dedicated analysis tools and pose observational
strategies to tackle specific scientific problems.
The data are distributed through the web page http://astro.ft.uam.es/SELGIFS/
hosted by the Universidad Autónoma de Madrid. The description of the different files and
their formatting is presented in the following sections:
5.5.1 High-level product datacubes
The direct measurements of resolved (spaxel-by-spaxel) galaxy properties described in Sec-
tions 5.2 and 5.3 are provided in separate files. Their names and format are listed below:
GALNAME.stellar.fits: contains the resolved maps obtained directly from the hydrody-
namical simulations. The file consists of a single HDU unit holding an 8-layer matrix con-
taining the 8 77 × 73 maps of the properties described in Section 5.2. The header includes
the information about the physical property stored in every layer (DESC_*) and its units
(UNITS_*). * reffers to the layer number.
GALNAME.Lick_indices.fits encloses the resolved maps for the 26 Lick indices measured
from the noiseless stellar-only datacube (see Section 5.3 and Table 5.2). The file consists of
a single HDU unit holding a 26-layer matrix containing the 26 77 × 73 maps of the differ-
ent absorption features. The header includes the information about the lick index name
(DESC_*) and its measured units (UNITS_*). * reffers to the layer number.
GALNAME.nebular.fits encloses the resolved maps for the 13 nebular lines measured from
the noiseless gas-only datacube (see Section 5.3 and Table 5.3). The file consists of a single
HDU unit holding a 13-layer matrix containing the 13 77 × 73 maps of the nebular lines.
The header includes the information about the line names (DESC_*), line wavelength in
rest frame (LAMBDA_*) and its units (UNITS_*). * reffers to the layer number.
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HDU Extension name Format Content
0 PRIMARY 32-bit float flux density in units 10−16 erg/s/cm2/
1 ERROR 32-bit float 1σ error on the flux density
2 ERRWEIGHT 32-bit float error weighting factor
3 BADPIX 8-bit integer bad pixel flags (1=bad, 0=good)
4 FIBCOVER 8-bit integer number of fibers used to fill each spaxel
TABLE 5.5: Structure of the CALIFA FITS files in DR2 (from García-Benito
et al. 2015b).
5.5.2 Synthetic observations
The simulated IFS datacubes described in Section 5.4 are stored in two different files iden-
tified following the CALIFA DR2 naming convention: GALNAME.V500.rscube.fits.gz and
GALNAME.V1200.rscube.fits.gz for the V500 and V1200 setups respectively. The data struc-
ture of the simulated data closely follows the one adopted in CALIFA, namely datacubes
in the standard FITS file format. Every fits file contains the data for a single galaxy stored
in five FITS HDU (Header Data Units, see Table 5.5), every one of them providing different
information according to the data format of the pipeline V1.5 used in DR2 (García-Benito
et al., 2015a). The first two axes in the datacubes (Nα, Nδ) correspond to the spatial dimen-
sions (along the right ascension and declination) with a 1”× 1” sampling. The third dimen-
sion (Nλ) represents the wavelength axis, consistent with the discussed wavelength ranges
and spectral samplings depicted in Table 5.4. Here we summarize the content of each HDU:
0) Primary (PRIMARY)
The primary HDU contains the measured flux densities in CALIFA units of 10−16 erg s−1 cm−2Å−1.
1) Error (ERROR)
This extension provides the values of the 1σ noise level in each pixel, calculated according
to Eq. 5.1. In the case of bad pixels, we store a value of 1010 following the CALIFA data
structure.
2) Error weight (ERRWEIGHT)
In the CALIFA datacubes, this HDU gives the error scaling factor for each pixel, in the case
that all valid pixels of the cube are co-added; in our case we set all the values to 0.
3) Bad pixel (BADPIX)
This extension stores a flag advising on potential problems in a pixel; in the CALIFA dataset
this may occur for instance due to cosmic rays contamination, bad CCD columns, or the ef-
fect of vignetting. In our datacubes we flag as bad pixel (i.e. equal to 1) the regions in the
spectra that are generated with the lower-resolution stellar model (see Section 5.3).
4) Fiber coverage (FIBCOVER)
This HDU, available only from DR2, accounts for the number of fibers used to recover the
flux, and is set to 0 in our mock datacubes.
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FITS header informations
The FITS header of the simulated datacubes stores only the most relevant keywords avail-
able in the DR2 header. Most of the DR2 keywords containing informations about the point-
ing, the reduction pipeline, galaxy extinction, sky brightness, etc. have been removed. In
addition to the mandatory FITS keywords, we store in the primary HDU the information
about declination and right ascension of the object (according to the Greisen and Calabretta
2002 standard). We give arbitrary values to these two parameters to avoid problems with
visualization tools. The flux unit has been stored under the keyword PIPE UNITS as in the
CALIFA datacubes, and also under the keyword BUNIT following the most recent FITS file
keywords definition by Pence et al. (2010).
5.5.3 Ageing, quenching and the SELGIFS data challenge
This work is of paramount importance for our given scientific problem. The synthetic dat-
acubes we have generated, even taking into account that the simulated galaxies may not be
fully realistic and the degeneracies associated to the SUNRISE radiative transfer technique,
have the power to provide crucial information about the ageing process. As we know the
physical properties (age, metallicity, mass, gas content, star formation history, etc) associ-
ated to every defined region of the simulated dataset, we can connect them to its location
in the color-equivalent width diagram and verify our interpretations. Besides, this dataset
has the power to optimize our analysis by indicating whether there are other SSFR indica-
tors, such as the Hδ absorption line, the D4000 index or other colours, that are better for
our analysis, i.e. clearer indicators of the ageing process and suitable candidates for alterna-
tive“ageing diagrams”. Finally, this work can also be used to prepare future observations,
as it can provide information about the physical scales involved in the process (larger or
smaller spatial resolution, brighter or fainter features that require different exposure times,
etc.)
5.6 Conclusions
In this last chapter of the thesis we have presented the “Selgifs Data Challenge”, a project led
by G. Guidi in which we use hydrodynamical simulations of galaxies formed in a cosmo-
logical context to generate synthetic Integral Field Spectroscopy observations mimicking
the properties of the CALIFA survey (Sánchez et al., 2012a).
In particular, we have post-processed simulation snapshots with the radiative transfer
code SUNRISE in order to obtain their spatially-resolved spectral energy distributions. These
spectra contain the light emitted by the stars and the nebulae (young stars) in the simula-
tions, and consider the broadening of the absorption and emission lines due to kinematics,
as well as the extinction by the dust in the ISM. The input parameters in SUNRISE have been
tuned to reproduce the properties of the CALIFA instrument in terms of field of view size,
number of spaxels and spectral range. After we obtain the results of the radiative trans-
fer, we adjust the simulated spectra to the redshift matching the physical size covered by
the spaxels and the angular resolution of the PMAS instrument and we cut and resample
its wavelength range and sampling to mimic both CALIFA observational setups. We also
reproduce the instrumental spatial and spectral PSF of the CALIFA sample by convolving
our 3-dimensional datasets with 2D/1D Gaussian PSFs in the spatial/spectral dimension.
Finally, we include the detector noise in our synthetic datacubes by adding gaussian ran-
dom noise as modelled from a sample of 20 galaxies extracted from the CALIFA sample
(considering both setups, V500 and V1200)
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FIGURE 5.3: Spatially-resolved stellar properties of two simulated galaxies,
D-MA_0 (face-on) on the left and D-MA_2 (edge-on) on the right. These maps
show, from top to bottom, the stellar mass density, the mean luminosity-
weighted ages and metallicities, the mean velocity along the line of sight, and
the number of stellar particles in each spaxel (in logarithmic colour scale).
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FIGURE 5.4: Maps of the intensity the BPT nebular emission lines for the
galaxy C-CS+_1, together with the corresponding maps of the signal-to-noise,
calculated as the mean of the signal-to-noise on the wavelength region of the
corresponding line.
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Our final sample consists of 18 datacubes (3 objects with 3 different orientations and
formated in the two observational setups). We generate and provide, together with the
synthetic IFS observations, a corresponding set of high-level product datacubes, i.e. resolved
maps of several properties computed directly from the simulations and/or simulated noise-
less datacubes. We aim to provide observers with a powerful benchmark to test the accu-
racy of their analysis tools and set the basis for a reliable comparison between simulations
and IFS observational data.
Although this work is specifically designed to reproduce the properties of the CALIFA
observations, the method illustrated in this paper can be easily extended to mimic other
integral field spectrographs such as MUSE (Bacon et al., 2004), WEAVE (Dalton et al., 2014),
MANGA (Bundy et al., 2015) or SAMI(Allen et al., 2015). The present project can also be
extended to use other hydrodynamical simulations, which will be very important in order
to enlarge the given the dataset and consider a more complete sample in terms of galaxy
total mass, gass content, merger history, etc.
With respect to the scientific scope of the thesis, this work will be critical in order to
confirm the proposed ageing hypothesis and guide our further efforts in this respect. The
provided data may be used for almost any scientific project involving IFS data, as it will
help to optimize their analysis and to interpret the observed trends. Moreover, it can also
be used for other purposes, such as preparing future observations, and we hope that, in





The field of galaxy formation and evolution has experienced a rapid growth in the recent
years. From the observational side, the large samples obtained by magnitude-limited sur-
veys (such as e.g. SDSS) have enabled statistically-robust analyses that have shed light on
the properties of galaxies in the local universe and the processes they undergo, leading to
new hypotheses and evolutionary scenarios. Simultaneously, the advent of integral-field
spectroscopy has provided a vast amount of high-quality, spatially-resolved data (CALIFA,
MUSE, MaNGA, etc.) that have opened the door to a complete new field of study, not only
in terms of galaxy evolution but even in terms of the data analysis itself (this thesis is a
good example of it). The theoretical side has also experienced great progress. Multiple sim-
ulation projects (Aquarius, Eagle) are now capable of generating realistic galaxies in large
cosmological volumes (thanks in part to advances in computational resources, both hard-
ware and software, as well as to an improved understanding of the physics), providing the
necessary framework for a meaningful comparison between theory and observations.
In this dissertation we approach galaxy evolution by analysing global and local proper-
ties of galaxies with the ultimate goal of disentangling the physical mechanisms that drive
star formation. To tackle this scientific problem we use a sample of galaxies extracted from
SDSS and a reduced set of integral-field spectroscopy (IFS) observations from the CALIFA
survey. As a main result of this study we highlight the concept of ageing (secular evolution
driven by gas consumption) and suggest its universality among galaxies. The inclusion of
IFS observations in our analysis led us to explore new approaches in the analysis of these
kind of data. This work illustrates both the power and the complexity of such analysis, as
well as the need for dedicated tools and their careful calibration.
The present thesis can be divided in two parts: a first one focused in the analysis of ob-
servational data (Chapters 2 and 3) and a second one devoted to the design of analysis and
calibration tools for IFS observations. The following sections summarize the main results
of both strands of work and pose a set of future projects.
6.1 The gentle evolution of galaxies
6.1.1 Ageing in the SDSS
The work presented in Chapter 2 is a statistical study of galaxy evolution that focuses on
the self-regulation of star formation in the local universe, and it served as inceptive step for
the entire work covered in this thesis dissertation. We selected a sample of ∼ 82000 galax-
ies from the SDSS DR7 spectroscopic catalogue, applying a selection criteria that restricts
our sample in apparent magnitude, redshift, and position in the sky to ensure a robust
environmental characterization. This sample is further classified into four different types
depending on their location in the BPT diagram: star-forming, passive, agn and intermediate
(this last subsample encloses systems with low S/N in the spectral lines involved in the
above mentioned diagram).
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• The analysis of the star-forming subsample suggests that the evolution of these systems
is dominated by internal processes, i.e. ‘nature’, as we do not find, on average, any
statistically-significant signature of external factors (‘nurture’) driving their SSFR.
• A second result, and a very important one for the evolution of this thesis project, re-
veals that the restriction in signal-to-noise used to define our star-forming subsample
creates an artificial bimodality when comparing star-forming and passive galaxies. The
inclusion of the intermediate population leads to the discovery of the ageing sequence
and emphasizes the need of considering (carefully) low signal-to-noise data (this re-
sult led to the work presented in Chapter 4).
• A complete analysis of multiple galaxy properties (mass, metallicity, morphology, in-
teractions, environment and SSFR) for this statistically robust sample leads us to the
following conclusions:
1. In low-density environments, most present-day galaxies are distributed along a
relatively narrow ‘ageing sequence’ in the EW(Hα)-(u− r) plane. At the ‘chemi-
cally young’ extreme (blue colours and high equivalent widths), galaxies have
high SSFR, display low metallicities, and present late-type or uncertain mor-
phologies. Conversely, at the ‘chemically old’ extreme, galaxies tend to display
elliptical morphologies because the SSFR is insufficient to rebuild a significant
disk.
2. A secondary ‘quenched sequence’ shows up in dense environments, consistent
with a very rapid truncation of the star formation activity. Most of the objects in
this possible ‘quenched’ phase display early-type or uncertain morphologies.
The results of this initial work are consistent with a scenario where ‘nature’ is more
important than ‘nurture’ in regulating star formation in galaxies. We then propose age-
ing as an unavoidable evolutionary process, still compatible with galaxies being ‘quenched’
in dense environments and/or suffering ‘rejuvenation’ episodes associated to (nature- or
nurture-induced) extreme bursts of star formation. The ability to return to the ‘ageing se-
quence’ after such events is linked to the external gas supply. Galaxies would become ‘red
and dead’ either when they exhaust their gas reservoir and have negligible specific star
formation (end of the ‘ageing sequence’) or when they suffer a quenching event in a dense
environment and they are no longer capable of accreting gas (‘quenched sequence’). Merg-
ers and galaxy-galaxy interactions may temporarily affect the instantaneous SSFR, but they
merely seem to add statistical fluctuations to the main relation.
6.1.2 Ageing in CALIFA galaxies
In Chapter 3 we present a continuation of the work conducted in Chapter 2, extending the
study of the colour-equivalent width diagram and the process of ageing to galaxies observed
within the CALIFA collaboration, using the broad coverage of CALIFA observations (∼
2Re) to verify the process of ageing on resolved scales and study it to a greater extent within
these objects.
We consider 24 galaxies from the set of 41 objects studied in Chapter 2 that are in-
cluded in the CALIFA main sample. As these galaxies are restricted to the redshift range
z ∼ 0.02 − 0.03, the field of view of the PPAK/PMAS instrument (hexagon of 65′′ × 74′′)
ensures a physical coverage of the order of ∼ 28 − 40 kpc. These objects are characterized
in terms of mass, morphology, and environment similarly to the analysis conducted with
SDSS galaxies. To this aim we also make use of ancillary data available within the CAL-
IFA collaboration in addition to some of the observational proxies derived in the previous
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work. STARLIGHT (stellar population synthesis algorithm) and SHIFU (line fitting software)
are used to analyse and derive galaxy properties from our IFS datacubes, such as EW(Hα),
galaxy colours, etc. The BATMAN binning algorithm is also used to verify the observed
trends and reduce the scatter in the ageing diagram. A complete study of the loci of the
different regions (spaxels) of every galaxy in the colour-equivalent width diagram is con-
ducted in terms of local (surface brightness) and global (morphology, environment, and
total stellar mass) properties. The results obtained show that:
• The morphological (Galaxy Zoo project), environmental (R5/r¯ criteria) and mass (Mr)
characterizations employed in Chapter 2 are consistent with the different proxies used
within the CALIFA collaboration.
• Aperture effects in SDSS data are not only large but terribly misleading when consid-
ering the position/location of an object in the colour-equivalent width diagram.
• Ageing is not limited to the brightest regions of galaxies, typically targeted by the
SDSS fibre, but takes place across the galaxy (at least, to the entire extent covered by
the field of view of the PMAS instrument). Although affected by scatter, most of the
individual spaxels are located within the 90% density contour obtained for the 105
SDSS galaxies analysed in Chapter 2.
• The resolved colour-equivalent width diagram of any given galaxy depends on its
environment, morphology and total mass (global properties), reinforcing the results
based on SDSS spectra. In particular:
1. Regions (spaxels) of isolated late-type objects populate the “primitive” part of
the ageing sequence.
2. Early-types systems, regardless of the environment they reside in, populate the
“evolved” part of the sequence.
3. Some of the “intermediate” objects depict a steeper trend in the diagram, that
could be related to a faster evolutionary phase.
• For every object, though, the regions broadly spread in the colour-equivalent width
diagram, showing a dependence with the local surface brightness. Central parts of
galaxies, displaying higher surface brightnesses, tend to be located in the “evolved”
part of the sequence, while the outer counterparts show higher EW(Hα) and bluer
colours consistent with star formation (even mild SF in the case of early-type systems).
This result suggests that the physical mechanism(s) responsible for the evolution of
galaxies (and hence, the ageing process) behaves in an inside-out fashion.
To sumarize, the process of ageing first proposed in the analysis of the SDSS galaxy sam-
ple is verified in this secondary work. This gentle evolutionary process takes place across
the entire galaxy and depends on both, local and global properties. This work emphasizes
the fact that Integral Field Spectroscopy has the power to unravel new physics taking place
on resolved scales. Conversely, it also poses the need of new tools that carefuly analyse this
new type of data to obtain the maximum benefit.
6.2 New tools for new data
6.2.1 BaTMAn and the low signal-to noise IFS data
In Chapter 4 we present BATMAN (Bayesian Technique for Multi-image Analysis), a new
binning tool designed to characterize and coherently tessellate simultaneously many layers
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of a given multi-image (i.e. a generalized version of an IFS datacube). The idea of devel-
oping BATMAN algorithm arises from the need to carefully analyse the low signal-to-noise
areas that appear in extended resolved observations of galaxies (e.g. outskirts of galaxies in
the CALIFA sample presented in Chapter 3).
This work comprises two separate parts, the mathematical formulation of the binning
technique and its testing using synthetic and real data. BATMAN’s tessellation algorithm
follows a different philosophy with respect to other existing binning tools, as it attempts to
identify spatially-connected regions that are statistically consistent with carrying the same
information (measurements and corresponding errors). BATMAN is conceived to bin our
data “only” if possible, with the ultimate goal of avoiding unnecessary loss of information.
The posed test cases considered are specifically devised to test the performance of the seg-
mentation tool and provide some guidance for its further use. This analysis allows us to
conclude that:
• In all our test cases, the output tessellations successfully adapt to the spatial structures
present in the input data for a wide variety of morphologies, regardless of the statis-
tical properties of the noise. Nevertheless, the optimal segmentation does depend on
the precise choice of the input data set. It is thus of paramount importance to investi-
gate the information that should be considered relevant as a preliminary step of any
scientific analysis.
• Our synthetic tests show that the mean values for the intensity within each region,
estimated from the posterior probability distribution, provide a good representation
of the true signal, whereas the formal errors, although indicative of the true uncer-
tainties, may underestimate them by a factor of the order of two. The tests conducted
with real astronomical data reveal that BATMAN may be most helpful in the low S/N
regime (e.g. reduction of the noise with respect to the original data is clearly visible
in the galaxy outskirts).
• When BATMAN is applied to the CALIFA datacubes prior to measuring colours and
equivalent widths, the number of regions and the associated scatter are significantly
reduced (specially in the outer parts). All the trends observed in the spaxel-by-spaxel
analysis persist, confirming the robustness of the results and the successful perfor-
mance of binning algorithm. In addition, it is now clearer that there may be different
paths through the colour-equivalent width diagram and that many galaxies contain
extended regions along both the “ageing” and “quenching” sequences.
To summarize, one of the main objectives of this work is to approach IFS binning in
a new way, with the ultimate goal of preserving all the statistically-significant informa-
tion contained in the original data. This philosophy represents a novel and much needed
approach to the analysis of astronomical images, which we believe will be of crucial impor-
tance in the advent of the vast amount and spatial resolution of IFS data to come.
6.2.2 Synthetic IFS observations
In Chapter 5 we present the “SELGIFS Data Challenge”, a project led by G. Guidi that pro-
poses a pioneering approach to connect integral-field observations and state-of-the-art hy-
drodynamical simulations. This project aims to set the basis for a coherent comparison
between the two types of data and provide the scientific community with reliable synthetic
IFS datacubes that allow testing analysis tools. The success of this work is of paramount
importance. On the one hand, it will facilitate the use of simulations to interpret observa-
tions and to study the effects of different physical processes that galaxies undergo on their
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observable properties. On the other hand, a reliable comparison between the two datasets
is crucial to test the different recipes implemented in the hydrodynamical codes (specially
in the sub-resolution regime).
In this work we use three hydrodynamical simulations of galaxies re-simulated using
the zoom-in technique on three Milky way-like halos selected from the Aquarius dark-
matter only simulation. These simulated objects have been post-processed with the radia-
tive transfer code SUNRISE in order to obtain the spectral energy distributions associated
to the stellar particles. Three different orientations are considered for every given object.
This “virtual observations” attempt to mimic the properties of IFS observations from the
CALIFA survey and account for stellar emission and absorption features, nebular emission,
dust extinction, and line broadening due to kinematics.
We provide a final sample of 18 datacubes: 3 objects in 3 different orientations and for-
matted in the two observational setups available in the CALIFA survey (V500 and V1200).
To generate these datacubes we have considered the following observational properties,
specific of the PMAS/PPak instrument (but the procedure is extensive to any given IFS
survey):
• Physical size within the field-of-view. Objects are virtually “placed” at a certain redshift
so that the characteristic PMAS/PPak FoV (∼ 78′′ × 78′′) covers a region of approx-
imately 2R50 for every simulated galaxy. The spectra generated with SUNRISE are
redshifted to match this value.
• Spatial and spectral resolution. The effects of the spatial and spectral point spread func-
tions are included by convolving our datacubes first in the spatial dimensions with a
2D Gaussian kernel of 3” FWHM and later in the spectral direction with a 1D Gaus-
sian with FWHM values δλ500 = 6.0Å and δλ1200 = 2.3Å for the V500 and V1200
setups, respectively.
• Detector noise. We finally include random Gaussian error in our data to account for
the detector noise, using a simple model of the error variance based on the analysis a
sample of 20 CALIFA galaxies (considering both setups).
A key aspect of this work is that we also generate and provide what we refer to as
high-level product datacubes, i.e. 2-dimensional maps of some galactic properties computed
directly from the simulations and/or measured directly from noiseless versions of the syn-
thetic datacubes. These product datacubes provide observers with a “solution” to test the
accuracy of their analysis pipelines and open the way for a meaningful comparison with the
theoretical results provided by numerical simulations. The advent of new IFS data (MUSE,
WEAVE, MANGa, SAMI, etc.) and large hydrodynamical simulations (EAGLE) makes the
present time ideal to work on this synergy. We believe this type of detailed comparison is
necessary, and we hope that the robustness and versatility of the methodology proposed in
this work to generate mock IFS observations facilitates collaboration at the always exciting
interface between theory and observation.
6.3 Outlook
The scientific work conducted in this thesis dissertation leaves a generous number of un-
solved questions, and it can (should) be extended in several aspects. A crucial piece still
missing in the puzzle of ageing in galaxies is:
• Reproduce and interpret the process of ageing from theory
It is of paramount importance to verify the process of ageing from the theoretical
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point of view. To this purpose we propose to use both simple analytical models as
well as state-of-the-art cosmological hydrodynamical simulations (in connection with
the work conducted in Chapter 5) to investigate what physical conditions (if any) may
be able reproduce the colour-equivalent width diagram observed on resolved scales
and the connection with global galactic properties (Chapter 3).
However, the are many other interesting projects (some of them ongoing). From the obser-
vational point of view, we would like to:
• Extend the IFS sample
We aim to extend the study of the ageing process by considering the entire CALIFA
dataset, 900 galaxies (main and extension samples). We would like to also consider
data from the AMUSING survey (MUSE) and other available IFS samples such as
MaNGa, CARS, etc., depending on availability. In all cases, a complete and consistent
environmental and morpho/kinematical characterization of the selected sample will
be required.
• Study the timescales involved in the process of ageing
In order to study in greater detail the timescales involved in the “ageing” process we
will consider other SSFR proxies, such as the Hδ absorption line, the D4000 index,
or other galaxy colours. This, together with the estimation of other resolved galaxy
properties, such as the mass, metallicity, age, kinematics, gas content, etc. can shed
light on the physical processes playing a major role in driving galaxy evolution.
From the theoretical point of view:
• Implement diffuse emission in the synthetic observations
The nebular emission included in the SELGIFS data challenge (synthetic IFS datacubes)
is only associated to the youngest stellar particles in the simulation (ages < 10 Myr).
It is then restricted to very compact regions in the virtual observations. It will be of
great interest to include the radiation emitted by the Diffuse Ionized Gas (DIG) in
order to obtain more realistic synthetic spectral energy distributions (SEDs) and be
able to trace the gas component in our synthetic IFS observations to the entire extent
of the objects.
• Extend the SELGIFS data challenge
Our goal in this case is to continue the work conducted with the Aquarius simulation
by creating a much more ambitious survey of synthetic observations. We aim to use
other galaxies in the Aquarius suite and hopefully include some galaxies from the
Eagle simulation project. This project will consist in two separate phases:
1. Extend the existing galaxy sample. The preliminary catalogue of observations
consists of only 3 galaxies that have evolved peacefully in almost absolute iso-
lation. We propose to consider a “complete” sample of simulated objects based
on the aspects we believe are relevant for the study of galaxy evolution. That is,
we need a larger sample that encompasses objects with different masses, living
in different environments, that have undergone different merging histories and
that depict different gas contents (which we expect is of paramount importance).
This is an ongoing project for which we have already applied, together with Dr.
Noam Libeskind in the Leibniz Institute for Astrophysics Potsdam (AIP), to get
access to the EAGLE simulation data (that has already provided promising sci-
entific results related to the proposed problem).
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2. Time evolution in the existing catalogue. Once we have gathered a complete
set of galaxies, it will be also very useful to consider different redshift cuts in
the simulation. If we can combine this project with the theoretical recovery of
the ageing in galaxies, this approach will allow us to study the evolution of the
“ageing” process in the simulated objects.
The use of galaxy simulations will allow us to study how “local” and “global” properties
of galaxies affect different star formation histories (SFH) and the secular evolution of galax-
ies, as well as whether/how it can be recovered from the observed colour-equivalent width
diagram (and/or any other proxies of the recent/past star formation activity). Although
this kind of research is certainly not new, we hope that the combination of the simulations,
the analytical models, the generation of synthetic IFS datacubes, and the comparison with
state-of-the-art IFS observations will provide a renewed focus on the topic.
Finally, from a technical and philosophical point of view, in Chapter 4 we raise the question
of how IFS data should be approached in order to extract the maximum knowledge without bias-
ing our results and/or losing information. BATMAN algorithm is a powerful tool to help us
address that problem at the earliest stage, and we aim to squeeze it to discover:
• The multiple uses of BATMAN
In Section 4.6 we present some preliminary results showing some of the plausible
uses of BATMAN. A detailed and comprehensive study on how the BATMAN algo-
rithm can be used to improve the measurement of weak lines, study the kinematics
from integrated spectra, disentangle multiple populations, etc. will be of paramount
importance to understand both the performance of the binning tool and, more impor-
tantly, what are the limits of the science that can be done with a given IFS dataset.
By combining the extension of the SELGIFS data challenge with a thoughtful use of
the BATMAN algorithm, we will attempt to shed some light on the minimum ob-
servational requirements to reliably measure the most relevant physical processes.
Those measurements, rigorously compared to the results of numerical simulations,






From a philosophical point of view, this thesis work presents two main ideas that pose a
change in the established paradigm of galaxy evolution and the way in which astronomical
data are handled.
On the one hand, we argue that the process of “ageing” is the main mode of galaxy
evolution. According to our results, star formation in galaxies is regulated by the secu-
lar consumption of the cold gas reservoir (nature) and does not require of any “external”
mechanism (nurture: e.g. mergers, harassment, ram-pressure stripping). Contrary to the
widely accepted view, we reject the idea that a discrete quenching event drives any tran-
sition from a star-forming to a passive state. Actually, we do deny the existence of such
a bimodality in the galaxy population. Instead, we claim that the “ageing” process leads
to a smooth, continuous distribution of galaxy colours and masses and that the observed
bimodal distribution is to a great extent the result of a selection effect. Moreover, we con-
jecture that the ability of the galaxy to accrete gas would control the “ageing” process and
may be responsible for the morphology of the system. Thus, galaxy morphology might be
a “consequence” of the physical processes taking place in the galaxy (and not its cause),
which is a new approach that we hope will be considered in future work in the field.
On the other hand, we also present in this work a new strategy to handle integral-field
spectroscopy data. We aim to illustrate in this manuscript the need of revisiting the de-
sign and calibration of astronomical analysis tools in the advent of the new data to come.
Integral-field spectroscopy has the power to unravel physical processes that so far have
been hidden in the spatial “sub-resolution” regime. However, we will not be able to extract
all this valuable information if we do not analyse the data in a coherent and statistically-
robust manner. In this sense, we would like to argue that simulations provide an excellent
benchmark to test existing and forthcoming analysis pipelines and verify not only their




Traducción: Resumen y conclusiones
8.1 Resumen
La presente tesis aborda el tema de la formación y evolución de galaxias con el objetivo
de clarificar cuál es el mecanismo (o los mecanismos) responsable de regular la formación
estelar en el universo local.
En primer lugar volvemos a plantear el debate clásico “nature or nurture”, naturaleza
o crianza, en el contexto de la evolución galáctica. Para ello analizamos una muestra de
∼82000 galaxias extraídas del catálogo Sloan Digital Sky Survey. En nuestro análisis rela-
cionamos dos indicadores de la tasa de formación estelar específica (specific star formation
rate, SSFR), el ancho equivalente (EW en sus siglas en inglés) de la línea Hα y el color (u-
r), con otras propiedades físicas de las galaxias: masa, metalicidad, entorno, morfología y
la presencia de vecinos cercanos. Este estudio da lugar al descubrimiento de la llamada
“secuencia de envejecimiento” (“ageing sequence”) en el plano color-EW. Dicha secuen-
cia favorece un escenario evolutivo en el que la conversión gradual del gas en estrellas
(proceso natural/intrinseco) es la principal responsable de regular la formación estelar en
las galaxias. Asimismo, serí responsable también de transformar las galaxias de su estado
“primitivo”, en que son pobres en metales y forman estrellas intensamente, a un estado más
“evolucionado”, en que son más ricas en metales y forman estrellas de manera más suave,
“evolucion pasiva”.
De cara a estudiar cómo dependen los resultados anteriores de las propiedades locales
y globales de las galaxias, investigamos en detalle el diagrama color-EW, esta vez a escala
resuelta, para una muestra de ∼40 objetos de la colaboración CALIFA (incluidos también
en el estudio anterior). Los datos de espectroscopía de campo integral (IFS en sus siglas en
inglés) revelan que el proceso de “envejecimiento” (“ageing”) tiene lugar de dentro hacia
afuera (las partes centrales de las galaxias muestran signos de estar más evolucionadas) y
que está presente en toda la galaxia. La posición (y por tanto el estado evolutivo actual) de
cada una de las regiones analizadas en las galaxias parece estar determinado por procesos a
escala local. No obstante, las propiedades globales las mismas (y en especial su morfología)
parecen jugar también un papel relevante.
El empleo de datos con baja señal ruido (signal-to-noise, S/N) ha sido crucial en la ob-
tención de los resultados anteriores. Por ello, de cara a extraer de manera óptima toda la
información de este tipo de datos, hemos desarrollado el algoritmo de segmentación multi-
dimensional BaTMAn (“Bayesian Technique for Multi-image Analysis”), con la intención
última de binear de manera coherente observaciones de espectroscopía de campo integral.
Al aplicar el algoritmo a nuestros datos hemos reducido de manera significatica la disper-
sión en el diagrama color-EW y demostrado convincententemente que existen diferentes
tendencias en el mismo, dependientes de los detalles de la historia de formación estelar a
escala local.
Desde nuestro punto de vista, la aparición de nuevas (y numerosas) observaciones que
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usan la técnica de espectroscopía de campo integral requiere del desarrollo de nuevas her-
ramientas y metodologías. Estas requerirán, a su vez, de un riguroso calibrado (tanto de
las medidas como de sus errores asociados) y por tanto, de un conjunto de casos de prueba
cuya solución sea conocida. A tal efecto, la parte final de esta tesis describe la producción
de observaciones sintéticas (IFS) a partir de simulaciones hidrodinámicas de galaxias y que
reproducen las propiedades de las de la muestra de CALIFA. Este proyecto (en curso) nos
permitirá explorar la estrategia óptima para estudiar el “envejecimiento” en las galaxias
con datos de IFS (existentes y futuros) y proporcionará a la comunidad científica una her-
ramienta para verificar el correcto funcionamiento de las herramientas de análisis.
8.2 Conclusiones finales
Desde un punto de vista filosófico, la presente tesis doctoral presenta dos ideas que supo-
nen un cambio en algunos planteamientos establecidos en la comunidad científica, tanto
en relación con las hipótesis sobre la evolución de las galaxias como en la manera en que
analizan típicamente los datos astronómicos.
Por una parte, en el presente trabajo sostenemos que el llamado proceso de “envejec-
imiento” (“ageing”) que tiene lugar en las galaxias representa su principal modo evolutivo.
Tal y como muestran nuestros resultados, la formación estelar en las galaxias está regu-
lada por el consumo gradual del gas frío disponible en la galaxia y no requiere de ningun
mecanismo externos (“nurture/crianza”: mergers, harrasment o ram-pressure stripping).
En contra de la opinión general, nosotros rechazamos la hipótesis de que un evento discreto
sea el responsable de “enfriar” (“quench”) la formación estelar en las galaxias y transfor-
marlas en objetos “pasivos”. De igual modo, negamos la existencia de una bimodalidad
en la población de galaxias. Nuestro trabajo propone que el proceso de “envejecimiento
(”ageing“) da lugar a una distribución continua y suave de colores y masas en la pobación
de galaxias y que la citada bimodalidad no es sino el producto de un efecto de selección.
Más aún, nosotros proponemos que la capacidad de la galaxias para atraer dicho gas y
convertirlo en estrellas controla dicho proceso de ”envejecimiento“ y puede llegar a ser re-
sponsable de la morfología que presenta el sistema. En tal caso, la morfología de las galaxias
sería la consecuencia de los procesos físicos que ocurren en ellas y no su causa. Esperamos
que esta nueva hipótesis sea considerada en futuros trabajos.
Por otra parte en esta tesis planteamos una nueva estrategia para abordar el análisis de
los datos de espectroscopía de campo integral. Nuestro objetivo es poner en evidencia la
necesidad de diseñar y calibrar las herramientas de anaálisis que se usan con este tipo de
datos de cara a la ingente cantidad de los mismos que se van a producir en los próximos
años. Esta técnica de observación ofrece la posibilidad de estudiar procesos físicos que hasta
ahora estaban ”ocultos“ debido a la falta de resolución espacial. No obstante, no seremos
capaces de extraer su máximo potencial si no analizamos dichos datos de manera coherente
y siguiendo procedimientos estadísticamente rigurosos. En el presente trabajo mostramos
que las simulaciones, en este caso de galaxias, son una excelente herramienta para evaluar
el rendimiento de los diferentes algorítmos de analisis.
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